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DNA, traditionally known as the carrier of genetic information has proven that it can be 
utilized as a key player for self-assembly, material synthesis and molecular sensors. Given the 
ease of synthesis and modification, precise control over sequence and specificity in base pairing, 
the number of studies with DNA as a functional molecule have increased. Intrigued by the 
inherent chemical functionality that single stranded DNA (ssDNA) has, i.e., the sugar, the 
negatively charged phosphate backbone and the nitrogenous bases, we envisaged that the mode 
of interaction with metal surfaces should vary with the change in DNA sequence. The synthesis 
of proteins relies on the similar concept where the genetic code, i.e. the gene sequence, 
determines the final protein structure. However in order to perfect the code for nanoparticle 
synthesis, one has to take into consideration the effect of factors such as the metal involved, the 
seed, etc.  
The ability to control the arrangement of metal atoms on the nanoscale translates into 
physical and chemical properties that depend on this specific arrangement. Therefore there is 
merit in exploring the synthesis of noble metal nanoparticles with different shapes and exposed 
surfaces. In chapter 2, the facile synthesis and the growth mechanism of high-index faceted 
tetrahexahedral palladium nanoparticles via an early stage underpotential deposition of silver in 
the presence of a commonly used capping ligand CTAB is reported. Reports have shown that 
different DNA sequences can mediate the control of shapes and surface properties of 
nanoparticles. However, most studies have involved only monometallic particles, most of which 
were gold nanoparticles. Controlling the shape of bimetallic nanoparticles is more challenging, 
and there is little research into the use of DNA-based ligands for their morphological control. In 
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chapter 3, we report the DNA-templated synthesis of Pd−Au bimetallic nanoparticles starting 
from palladium nanocube seeds. The presence of different homo-oligomer DNA sequences 
containing 10 deoxy-ribonucleotides of thymine, adenine, cytosine, or guanine (referred to as 
T10, A10, C10, and G10, respectively results in the growth of four distinct morphologies. 
Through detailed kinetic studies by absorption spectroscopy and scanning electron microscopy 
(SEM), characterization through scanning transmission electron microscopy (STEM), we have 
determined the role of DNA in controlling Pd−Au nanoparticle morphologies. One major 
function of DNA is interacting with the incoming metal atoms and controlling their diffusion and 
deposition on the Pd nanocubic seed by sequence specifically passivating the seed surface. 
Interestingly, nanoparticle growth in the presence of A10 follows an aggregative growth 
mechanism that is unique when compared to the other base oligomers. 
Since we utilize the seed-mediated approach for our nanomaterial synthesis, the seed’s 
surface naturally plays a pivotal role in the growth mechanism. Seeds enclosed by high-energy 
facets act as facile nucleation sites in nanoparticle growth and could suppress the effect of DNA 
and dominate the overall growth process. In Chapter 4, we then investigated whether DNA 
molecules are influential when a seed containing high-energy facets is used. Therefore, a high-
indexed concave palladium nanocube seed was adopted as the seed. Based on detailed 
spectroscopic and microscopic studies on the time-dependent growth of bimetallic nanoparticles, 
we found that the DNA, A10, T10, G10 and C10 show a unique interaction with the surface of 
the seed and the precursor. The most important factor is the binding affinity of the nucleobase to 
the Pd surface; A10 shows the highest binding affinity and can stabilize the high energy surfaces 
of the seed and the growth consistently proceeds via the aggregative growth mechanism. 
Initially, the growth of bases with lower binding affinities (T10, G10, and C10) is completely 
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dictated by the seed’s surface energy, but later growth can be influenced by different DNA 
sequences, providing four Pd@Au bimetallic nanoparticles with unique morphologies. The effect 
of these DNA molecules with medium or low binding affinities can only be observed when more 
Au is deposited. We propose a scheme for DNA-controlled growth. The differences in 
mechanism between the cubic and concave cubic seed are discussed. 
Next we explored the application of DNA as a biosensor. In order to expand the scope of 
DNA based sensors, we combined them with an emerging clinical imaging modality, 
Photoacoustic Imaging (PAI). PAI, has gained importance as an imaging modality due to its 
unique ability of scaling spatial resolution and imaging depth across both optical and ultrasonic 
dimensions. Most PAI contrast agents lack selectivity to their target. While recent literature 
reports some selective contrast agents, most of them lack generality in the way they have been 
generated, i.e., methods successful in developing PAI contrast agents for one target can rarely be 
applied to another target and need a large amount of rational design. On the contrary, functional 
DNA based recognition units such as aptamers are not only easy to synthesize but also highly 
selective to their targets that range from small molecule analytes to much larger molecules such 
as proteins. Functional DNA is selected through a very general approach known as in-vitro 
selection, which has led to the discovery of many target specific aptamers. We focus our efforts 
to optimize a structure switching aptamer for the platelet derived growth factor-BB (PDGF-BB) 
which is overexpressed in cancers. The DNA-based probe is evaluated by gel-shift assays and is 
optimized to “turn on” only in the presence of the target. Additional fluorescence measurements 
confirm the specificity of the probe. The acoustic signal arising from the fluorophore quencher 
tags (IR800/QC1) at the two wavelengths (775 nm/719 nm) can be processed to give a 
concentration dependent signal which can be monitored using absorption spectroscopy and hence 
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also the acoustic signal. Further, we were able to use this probe in mice models to detect PDGF-
BB as a proof of concept. We have also demonstrated that this approach is general enough to be 
extended to other targets of functional DNA such as thrombin. This approach can help advance 
the application of a powerful imaging modality, PAI, from the lab to the clinic. 
Chapter 6 describes the characterization of DNA aptamer for adenosine using isothermal 
calorimetry (ITC). Further investigation into the structural components of the aptamer using 
point mutations, base additions or deletions reveal conserved bases for the successful binding of 
the aptamer to the target. This study demonstrates that biophysical characterization of functional 
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1.1 Shape control of metal nanoparticles: 
The synthesis and characterization of colloidal metal nanoparticles is an area that has 
constantly garnered interest over past years. The properties that these metals exhibit at the 
nanoscale have been greatly utilized in applications that span many diverse areas such as 
medicine,1-5 photonics,6-8 catalysis,9-15 sensing16-19 and electronics.20, 21 The arrangement of 
atoms in such a nano-confined environment strongly determines the physical and chemical 
properties of the metal nanoparticle.20, 22-25 Hence, the ability to precisely control the shape at the 
nanoscale remains significant. Solution based methods for the synthesis of shape controlled 
colloidal metal nanoparticles involve regulation of kinetic and thermodynamic parameters.26, 27 
These parameters are often interdependent and can be meticulously tuned by the selection of 
different precursors,28, 29 temperatures,30, 31 solvents,32, 33 pH,34-37 ligands38, 39 and additives.20, 23, 
24, 40, 41  
Nanoparticle synthesis can be broadly divided into 3 major steps; nucleation, growth of 
nuclei into seeds and finally the growth of seeds into nanoparticles.20 The nucleation process can 
be either homogenous nucleation or heterogeneous nucleation. In a homogenous nucleation, the 
nuclei are formed in-situ by the reduction of the metal precursor. Further, depletion of the metal 
precursor allows for further deposition to occur onto these nuclei. Heterogeneous nucleation is 
also commonly known as a seed-mediated synthesis. A seed-mediated nanoparticle synthesis 
involves the introduction of pre-synthesized nanocrystals onto which the reduced nuclei deposit 




populations of nanocrystals under less stringent reaction conditions due to the separation of the 
nucleation and growth processes.  
Amongst the many factors involved in the synthesis of metal nanoparticles one of the 
most important component is the ligand employed. The ligand is often involved in a range of 
functions that include, specific facet, stabilization, providing for colloidal stability and 
influencing precursor reduction and diffusion by complexation.38 Capping agents that are 
conventionally adopted in the synthesis of metallic nanomaterials are cetyltrimethylammonium 
bromide/chloride (CTAB/CTAC), carbon monoxide, citrate, polyvinylpyrrolidone (PVP) and 
polyols. These ligands have shown the ability to stabilize specific facets such as {100} or {111} 
independently or when complemented with adsorbates such as halides ions (for example: Br- is 
known to stabilize the {100} facet).45-47 Shape selective synthesis of nanoparticles however 
remains a great challenge due to the many interdependent kinetic and thermodynamic factors that 
come into play during the nanoparticle growth process.  
1.1.1 Anisotropic and high-indexed nanoparticles: 
Over the years, many synthetic protocols have been reported for the shape-selective 
synthesis of metal nanoparticles. Anisotropy in nanoparticle shape, i.e. shapes that poses an 
asymmetric axis, has resulted in unique physical and chemical properties not just for metal 
nanoparticles but also semiconducting nanomaterials.48A very prominent example is that of the 
gold nanorod which has longitudinal and transverse localized surface plasmon resonance (LSPR) 
due to the anisotropic rod like shape.49 Anisotropic nanoparticles are typically synthesized using 
a seed-mediated synthesis and can be produced by tuning conditions such as the ligand,50-52 
kinetic parameters36, 37, the type of seed53, 54 or by the addition of other metal ions such as silver 




particle in a particular direction or a particular facet is important in stabilizing nanostructures that 
have anisotropy.  
Figure 1.1: Triangular Diagram Showing FCC Metal Polyhedrons Bounded by Different 
Crystallographic Facets, Reprinted (adapted) with permission from Ref 65.65 Copyright 2010 
American Chemical Society. 
 
Nanoparticle shape plays an important role in determining the physical and chemical 
properties and is essentially determined by the arrangement of atoms on the surface of the 
nanoparticle, or the facets exposed. These surfaces are often denoted by the Miller indices {hkl} 
notation. Most reported nanocrystals have either {100}, {110} or the {111} facets and these 




thus saturation in atom coordination. High-indexed facets contain at least one index (h, k or l) 
that is greater than unity, and the atoms have low-coordination and thus are a part of a surface 
with steps and terraces (Figure 1.1). These surfaces can be viewed as the combination of low-
indexed facets;55, 56 for example, the {553} facet can be denoted as 3{111}×2{110}, 
geometrically seen as a surface with a  terrace with three atomic width and {111} arrangement 
separated by two {110} steps. These open structured surfaces are energetically high and 
therefore have shown greater efficiencies in catalysis.57-59 Synthesis of open structures has 
received a lot of interest recently. There have been a decent number of synthetic protocols for the 
synthesis of gold nanocrystals containing high-indexed facets in the recent years.60-65 In 
comparison to Au, the synthesis of catalytically active noble metals such as Pd with high-energy 
surfaces still remains a challenge. One of the most traditional method of synthesizing high-
indexed noble metal nanocrystals especially Au nanocrystals is by using foreign metal ions. The 
introduction of metals ions such as copper, silver or palladium in the synthesis has shown 
remarkable results in stabilizing unconventional facets on the gold nanocrystals.60, 63 
1.2 DNA “codes” for metal nanoparticles: 
Many synthetic capping agents have been successful in stabilizing metal nanoparticles 
with facets of interest, the lack of variability with respect to their structure, charge or functional 
groups largely limits their ability to accurately control nanoparticle morphology. Many problems 
in science and technology have been addressed by garnering inspiration from nature,66 and 
material synthesis is no exception.67 The versatile properties that biomolecular ligands present, 
have been perfected through evolution and have shown potential in nanoparticle synthesis. 
Peptides,68-70 virus capsids71 and nucleic acids72 to name a few, have been used in the synthesis 




recognition property that has been exploited extensively in the field of sensing 19, 73, 74 and 
nanotechnology.75-78 The unique structure of DNA showcases several tunable properties such as 
charge, length, affinity and functional groups.79 Equipped with these properties, scientists in the 
recent past have utilized DNA as a ligand in the synthesis of nanomaterials. 
From a chemist’s perspective, the structure of DNA can be considered as a well-designed 
blend of hydrophobic and hydrophilic functional groups. The structure consists of two major 
components, the sugar–phosphate backbone and the nitrogenous bases. The property of metal ion 
or metal binding of ssDNA was extensively used in the synthesis of Ag nanoclusters.80-82 Shortly 
after, studies proved that the fluorescence emission from these clusters can be tuned by altering 
the DNA sequence used for the nanocluster synthesis83, 84 consequently highlighting the 
importance of the sequence of bases in material synthesis. The methodology was then quickly 
extended to other noble metals and adopted for various applications in sensing.85 
The process by which the genetic code holds accurate information about the translation of 
DNA or mRNA sequences into proteins is highly sophisticated and neat. It is known that the 
sequence plays a pivotal role in determining the end product and even a single mutation can 
result in a missing, misfolded or malfunctioning protein. By the virtue of intricate functionality 
of DNA and its’ transcribed products, biomolecules interact specifically, making possible the 
synthesis of highly complex proteins. Our lab has aimed to study the DNA encoded synthesis of 
metal nanocrystals. The ultimate goal, is to be able to predict the final morphology of the 
nanocrystal simply based on the characteristics of the metal seed and the specific sequence of 
DNA used. So far our lab and others have been able to study several monometallic and 
bimetallic systems involving morphologically different metal seeds. The morphology is highly 




monometallic systems, the sequence specific DNA-mediated overgrowth of spherical Au 
nanocrystal,86 Au nanoprism,87, 88Au nanorod,89 spherical Ag nanocrystal,90 and Ag nanocubes91 
has been studied. More recently, successful DNA-coded Pd-Au bimetallic systems92, 93 have also 
been described (Figure 1.2). To attain predictability in DNA encoded nanomaterial synthesis it is 
important to decouple parameters and study each aspect separately.  
1.2.1 Affinity of the DNA bases to metal surfaces: 
The interaction of DNA with metal ions has been widely studied.94-98 While this 
interaction is important, what carries more weight in a shape-controlled metal nanoparticle 
synthesis is the interaction of DNA with metal surfaces. A variety of techniques have been used 
in the past to probe base affinities mainly gold based surfaces.99 Among the first examples, 
Mirkin et al. reported a temperature-programmed desorption (TPD) and reflection−absorption 
infrared (RAIR) spectroscopic study to calculate the ΔHdes (Heats of desorption) of the individual 
bases and nucleosides on a gold surface.100, 101 The general trend for desorption revealed that 
pyrimidines tend to desorb more easily as compared to purines. More specifically, the trend 
observed with respect to the ΔHdes was guanine (G) > adenine (A) > cytosine (C) > thymine (T) 
which was in agreement with theoretical studies performed later.102 An isothermal titration 
calorimetry (ITC) investigation of peptide nucleic acid (PNA) based monomer analogue 
affinities on gold nanoparticles showed the order C > G > A > T.103 Relevant to DNA-mediated 
synthesis of nanoparticles where single stranded homo-oligomeric DNA is used, Whitman et al. 
performed more detailed studies on the interaction of ssDNA on gold using Fourier transform 
infrared (FTIR) spectroscopy and X-ray photoelectron spectroscopy (XPS).104 Competitive 
adsorption experiments on Au surfaces showed relative adsorption affinity of DNA bases to be A 




mechanisms of growth of gold nanoparticles in presence of ssDNA sequences and shall be 
discussed in a later section.87 A more recent study by Liu et al. involving  cyclic voltammetry as 
a method to probe the adsorption of unmodified ssDNA sequences at low pH showed  that A and 
C have more effective adsorption to the gold surface compared to T and G due to the protonation 
of functional residues and higher affinity to gold surface.105 
 Interaction of DNA bases with other noble metal surfaces or nanoparticles are rare. After 
gold, only a few reports of interaction of DNA with silver nanoparticles have been reported. 
Both studies reported were based on a colorimetric determination of base affinities. The earlier 
study probed the base affinities based on surface plasmon resonance spectroscopy (SPRS) and 
the signal intensity of surface-enhanced Raman scattering (SERS) and showed the trend, C > G > 
A > T.106 While the second study based solely on the colorimetric method investigated the 
aggregation kinetics of AgNPs in the presences of nucleobases to give a different trend, A > T > 
C ≥ G.107 The trends in binding strengths varied greatly between the two studies due to the 
differences in experimental conditions including the AgNPs itself (geometry, pre-existing 
capping agents, size, etc). Thus, the study of DNA interaction with metal surfaces as opposed to 
nanoparticles as in the case of gold is capable of giving a more consistent trend in binding 
affinities. However, what these studies highlight is that the conditions of the growth can 
potentially affect the base affinities and thus the outcome of a DNA-mediated growth. 
Additionally, to make DNA-mediated synthesis of noble-metal nanoparticles a more 
generalizable or predictable protocol, it is imperative to understand and study the affinities of the 
nucleotides to various surfaces of different metals. A few studies have reported DNA adsorption 
studies onto metal oxide particles,108, 109 a class of materials that are slightly different from nano-




sections shall describe the previous studies on DNA-encoded nanoparticle systems where the 
seed used in the synthesis is varied. All the systems described below are monometallic systems 
consisting of gold (Au) or silver (Ag). 
 
Figure 1.2: Schematic representing the different nanoparticle systems studied via DNA mediated 
shape control approach. Systems using gold nanoparticles, specifically spherical AuNP (1A), Au 
Nanoprism (1B) and Au Nanorod (1C); silver nanoparticles, specifically, Ag Nanocube (1D) and 
Spherical AgNP (1E); and Bimetallic nanoparticles (Pd-Au) (1F).  
 
1.2.2 Spherical gold nanoparticles (AuNPs): 
Spherical AuNPs are easily among the most well studied Au based nanomaterial in terms 
of synthesis and characterization.110-113 The surface of these particles have been modified 
extensively with ligands including DNA,114 for self-assembly77, 115 and other desirable 




been studied to reveal that dT has a lower binding affinity as compared to dA, dC or dG.117 The 
translation of the deoxynucleoside affinity into the final morphology of particles when 
oligomeric sequences of DNA were used, showed remarkable differences.86 While 30-mer 
oligomeric sequences of thymine resulted in spherical gold nanoparticles slightly larger in size, 
30-mer sequences of adenine and cytosine resulted in nano-flower shaped gold nanoparticles 
(AuNF) (Figure 1.2 A). The uneven growth characteristic of the AuNF that the latter two 
sequences imposed can be attributed to the higher binding affinity of the nitrogenous bases to the 
surface of the spherical gold seed. These uneven features had a direct influence on the plasmonic 
properties of the nanoparticles that were red shifted, where the AuNFs formed by poly adenine 
sequence had a more red shifted peak compared to poly cysteine capped particles. Consequently, 
the AuNF colloidal solutions were blue in color. While the affinity of sequence did make a 
difference in the final shape, all the sequences were able to contribute to the colloidal stability of 
the Au nanoparticles. Although a simple result, it did showcase the potential of DNA in 
inorganic nanoparticle synthesis. 
1.2.3 Gold nanoprisms (AuNPr): 
The previous study with AuNPs established that DNA-mediated shape control was 
indeed possible and as an extension to demonstrate the precise level of nanoparticle shape 
tunability, Au nano prisms were used as the seed. The gold prisms were synthesized using a 
previous protocol118 and their overgrowth was monitored in the presence of 30-mer sequences of 
adenine, cytosine, thymine and a 20-mer sequence of guanine. The 2-D nature of the seed, makes 
the monitoring of shape evolution easier from the surface and the edges. Each sequence formed a 
unique 2-dimensional shape, specifically, polyadenine formed rough-round plates, polythymine 




plates (Figure 1.2 B).88 The {111} surface was preserved in each case except the formation of the 
roughing of the surface in the presence of A30. In addition, the growth in the presence of 
different lengths of the sequences (5, 10 and 20-mer of Guanine and 30-mer of the rest of the 
bases) yielded similar end results evidencing that the sequence, rather than the length, plays an 
important role in shape control. However, the synthesis in the presence of monomeric 
deoxyribonucleic acids, i.e. dAMP, dTMP, dGMP and dCMP lead to formation of unstable 
structures that aggregated due to lack of colloidal stability. Therefore, the length of the sequence 
should be long enough (generally above 5 bases) to maintain colloidal stability of the 
nanostructure of desired shape.  
1.2.4 Gold nanorods (AuNR): 
Gold nanorods are anisotropic nanoparticles that exhibit unique absorption and scattering 
properties in the NIR-region. Owing to their anisotropic nature they exhibit both longitudinal and 
transverse localized surface plasmon resonance wavelength bands (referred to as L-LSPR and  T-
LSPR respectively) characterized by the Au nanorod aspect ratio46 and have been utilized for 
optical24 and biomedical applications.119 The overgrowth of the nanorods in the presence of 
homo-oligomeric 20-mer sequences of DNA not only lead to different geometries but also 
consequent plasmonic spectral tuning.89 In the case of A20 the AuNR overgrowth yielded a 
dumbbell shaped particle (Figure 1.2 C). The tips of the nanorod had more deposition resulting 
in the red shift of the L-LSPR. The increase in the thickness of the rod slightly shifts the T-LSPR 
wavelength band. C20 and T20 both resulted in the formation a cracked octahedron structure 
with difference in the gap between the two pointed features. While the L-LSPR bands for 
structures formed by both bases were blue-shifted, this particular difference in gap allows the L-




(17±3 nm gap as compared to 24±3 nm in the case of T20), the more is the blue shift. When the 
gap is close to zero, the L-LSPR is blue-shifted to the extent that the L-LSPR merges with the T-
LSPR to give a single unified LSPR peak which is observed in the presence of G20. The system 
highlights how subtle changes in the deposition profile can directly influence not only the 
geometric but also physical properties. 
1.2.5 Silver nanocubes (AgNCs): 
 The interaction of DNA with metal nanoparticles is expected to change depending on the 
identity of the metal. While most studies have been focused on a gold based systems, it is 
important to be able to expand the metal pool to make the approach more generalizable. DNA-
mediated Ag overgrowth on Ag nanocubes as seeds, was the first system to demonstrate the 
DNA sequence dependent nature of Ag nanoparticle growth.91 As expected, the trend of affinity 
of the bases to Ag was different from that of Au. A previous study has reported the trend of the 
base affinity to AgNPs to be in the order, C > G > A > T.106 The presence of A10 and T10 
sequences formed stellated structures, specifically truncated octahedra with varying degrees of 
truncations depending on the sequence. The presence of T10 induced smaller particles with 
larger truncations while A10 induces larger particles with smaller edge-truncations. The 
overgrowth of silver nanocubes in the presence of C10 formed truncated tetrahedra and the 
presence of G10 interestingly, did not allow any overgrowth of the seed (Figure 1.2 D). The 
stabilization of the {111} facet by the DNA containing T, A and C resulted in the gradual 
disappearance of the {100} facet that was initially the dominant facet on the silver nanocube 
seed. Further investigations suggested the involvement of formation or destruction of secondary 
structures formed by the DNA sequences during the course of the reaction proving the 




to consider the substantial role of secondary structure of molecular ligands in shape-controlled 
synthesis of nanoparticles was well elucidated through this study.  
1.2.6 Spherical silver nanoparticles: 
Recently, there has been a report by Chaoyong Yang et al. of DNA-mediated shape 
evolution of relatively small spherical silver nanoparticles to 2-Dimensional nanoparticles such 
as nanoprisms.120 Poly G and poly C sequences mediated the formation of nanoprisms, while 
poly T formed nanodiscs. Poly A formed 2-D nano flower bouquets (Figure 1.2 E). The spherical 
seed is generally known to have multiple {111} and {100} facets.90  Similar to the case of silver 
nanocubes which are enclosed majorly by {100} facets and {111}, {110} sites, the DNA 
sequences had a tendency to bind to the {111} facet of the spherical seed and further stabilize it. 
Hence, the {111} facet dominates the final 2-D structures. Differences in the ability to stabilize 
the facets on the spherical seed led to the formation of different 2-D nanostructures.  
1.3 Introduction to functional DNA:  
Over the years, scientists have been able to realize applications of DNA beyond its role as the 
storage of genetic information.  Apart from the sequence specific molecular recognition 
properties, bDNA (single stranded) is also capable of performing catalytic reactions 
(DNAzymes) similar to enzymes121, 122 and specific binding to targets just like antibodies (DNA 
aptamers).123 In certain cases, these two functions can be integrated together in a functional 
moiety called Aptazymes or allosteric DNAzymes (Figure 1.3).124 These properties have been 
extensively used in analytical chemistry and sensor development. For example, DNAzymes can 
perform RNA cleavage in the presence of specific metal cofactors and thus have been utilized for 





Figure 1.3: (a) Schematic representation of SELEX or In-vitro selection. DNA aptamers or 
target-specific DNAzymes are selected by enrichment of an initially random DNA library for 
high affinity/activity sequences through multiple rounds of selection; (b) Schematic showing the 
different types of functional DNA, A: DNAzymes, B: Aptamer and the combination of both C: 
Aptazyme. 
Functional DNA for a wide range of targets can be produced from a combinatorial 
process known as in vitro selection126 or a process also known as systematic evolution of ligands 
by exponential enrichment (SELEX).127, 128 A combinatorial process by which a random pool of 
DNA is subjected to the target and after several rounds of screening, the DNA sequence with the 
greatest binding affinity can be obtained (Figure 1.3). Further, the screening conditions can be 
modified with each round of selection to improve the selectivity/sensitivity of the pool. Ideally, 
the targets can range from small molecules129 such as ATP to very large molecules such as 
proteins.130 Compared to their protein counterparts such as antibodies and proteins, functional 
DNA shows advantages in that it can be easily produced by solid phase synthesis and are 
significantly more temperature tolerant. Additionally, In order to produce a readable signal such 




nanoparticles.131 By the virtue of sequence specific base-pairing, sensors can be designed in a 
way that the readout signal is low or almost zero before the sensor interacts with the target. In the 
case of DNA aptamers, classic examples of such sensors are molecular beacons or structure 
switching aptamers. Hence, over the past few years functional DNA have been extensively used 
as sensors for multiple targets.125, 131-133     
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SILVER-ASSISTED SYNTHESIS OF HIGH-INDEXED PALLADIUM 
TETRAHEXAHEDRAL NANOPARTICLES AND THEIR MORPHOLOGICAL 
VARIANTS 
2.1 Introduction: 
The control of shapes in the synthesis of nanomaterials is a critical step towards 
developing materials with desirable applications.1-4 The shape provides different facets on a 
nanoparticle that can determine its physicochemical properties and hence the applicability of the 
materials in areas such as optics 5-10, catalysis 11-16, sensing 8, 17-20, imaging 21-25, and biomedicine 
24, 26-33. While most effect in the field have devoted towards synthesis of nanoparticles with low 
indexed facets such as {100}, {111} or {110}, there has been an increasing interest in exploring 
synthetic routes for making nanoparticles that contain high-indexed facets, because they are 
characterized by undercoordinated atoms and thus are often more active for applications such as 
catalysis.34-36 As a result, protocols for the synthesis of gold (Au) nanocrystals containing high-
indexed facets have been reported recently.37-41 Furthermore, introducing metals ions such as 
copper, silver or palladium in the synthesis has shown remarkable stabilization of the 
unconventional high-indexed facets on the gold nanocrystals.38, 39 A primary example is the 
formation of hexoctahedral Au-Pd alloy nanoparticles mediated by Cu2+.42 In comparison to Au, 
the synthesis of noble metals such as Pd with high-energy surfaces still remains a challenge. 
Among the high-indexed Pd nanostructures, palladium tetrahexhedral (Pd THH) particles 
have shown to display high catalytic efficiencies for reactions43 such as ethanol 
electrooxidation,44, 45 formic acid oxidation46 and Suzuki coupling47 due to the presence of 24 




not been rigorously explored and has been in general challenging. Existing methods involve the 
use of electrochemistry wherein a square wave potential enables the deposition of Pd to yield 
THH nanoparticles.44, 48 These particles, however, lack monodispersity and the use of 
electrochemistry makes it difficult to scale up. There have been reports that utilize Au 
nanoparticles as the seeds that allow heteroepitaxial palladium deposition to form gold-palladium 
core-shell THH nanoparticles.45-47, 49 In all of these synthetic protocols, the synthesis of the gold 
seed itself involves a seed mediated synthesis and thus the Pd@Au THH particle synthesis 
overall involves multiple steps. Additionally, most recipes do not provide tunability in the size of 
the resultant Pd@Au THH nanoparticles. Besides, the cost of Au as the sacrificial seed 
highlights the need for a synthetic route that is more economically viable and chemically facile. 
A common strategy for synthesizing high-indexed noble metal nanocrystals, especially 
Au nanocrystals, is by underpotential deposition of other metals that can play an important role 
in thermodynamically stabilizing otherwise unstable facets.50 While copper assisted synthesis of 
palladium nanoparticles have been reported,51-53 silver-assisted growth of palladium nanoparticle 
studies are quite rare and largely unexplored. Moreover, the copper assisted synthesis, that yields 
concave nanocubes that have extended edges and corners, predominantly retains the low indexed 
{100} facets of the cubic seed and the growth mechanism does not involve an underpotential 
deposition mechanism.52 Furthermore, studies have proved that the incorporation of Ag in Pd 
nanocrystals has helped enhance catalytic efficiencies.54-56 In this report, we investigate the 
effects of introducing silver in the overgrowth of palladium nanocubes and its mechanism of 
growth. In the process, we have not only developed a much easier method to obtain palladium 




features such as truncation and stellateing effects of facets (in the <111> direction) on the 
nanoparticles by simply changing the reaction conditions. 
2.2 Results and discussion: 
To explore the silver-assisted synthesis of palladium nanocrystals, we adopted a seed-
mediated synthesis method, using palladium nanocubes (~22 nm),  synthesized using a 
previously reported protocol57 (Figure 2.1) as the seed. The palladium nanoparticles with high-
indexed facets were then prepared in the presence of 1 mM AgNO3 by reducing 10 mM H2PdCl4 
onto the Pd cubic core using ascorbic acid (AA) as the reductant and cetyltrimethylammonium 
bromide (CTAB) as the capping ligand. The amount of H2PdCl4 used was in excess over the Ag 
precursor (Pd2+:Ag+ = 12.5:1). The resulting particles were characterized by scanning electron 
microscopy (SEM), which revealed monodisperse populations of palladium particles with a THH 
morphology (Figure 2.2 a). The nanoparticles grew along the <100> direction, forming a center-
protruded cubic structure with 24 high-indexed facets. Additionally, we observed protrusions 
along the <111> direction (Figure 2.2 b), i.e. along the corners of the THH particles. To better 
resolve the features of the protruding corners, we collected images of these particles using 
transmission electron microscopy (TEM) (Figure 2.2 c). Based on the angle subtended by the 
surfaces of the nanoparticles, we were able to index the facets as {730} (Table 2.1 & Figure 2.3). 
Data collected using selected area electron diffraction (SAED) of the corresponding particles in 
the TEM image (Figure 2.2 d & 2.3) indicated single crystalline nature. The SAED pattern 
corresponds well with the patterns obtained from palladium THH particles synthesized from 
direct electrodeposition protocols.44 The pattern from the powder X-ray diffraction (pXRD) 
concurred with the characteristic peaks corresponding to that of palladium that crystallized in the 




2θ values indicates the incorporation of Ag into the structure of the Pd nanoparticles.58 A STEM-
EDS analysis of the palladium nanoparticles was able to indicate the presence of both Ag and Pd 
in the nanostructure. Both the EDS map and the spectra show the corresponding signal for the 
two metals (Figure 2.5). Inductively coupled mass spectrometry (ICP-MS) analysis on the 
washed particles confirmed that the nanoparticles had about ~3.5% Ag incorporated into the final 
Pd nanostructure. 
Figure 2.1: SEM image of ~22 nm palladium cubic seed. 
In order to explore the versatility of our approach, we performed the seed-mediated 
synthesis under different conditions. We systematically changed two conditions; the amount of 
the seed and the amount of ascorbic acid (Figure 2.6). As the amount of seed adopted for 
synthesis was decreased from 200 μL to 75 μL (Figure 2.6 A-D), the resultant particle sizes 
increased. We could thereby tune the size of the final nanoparticles from ~55 nm to ~110 nm 
using this approach. A more interesting effect was observed on increasing concentration of the 
reductant, i.e. ascorbic acid (Figure 2.6, Panels I-IV). The nanoparticles in row I of Figure 2.6, 
synthesized with lowest amount of ascorbic acid (15 μL, 100mM AA), had truncations in the 
corners of the THH nanoparticles. The truncations therefore introduced 8 new {111} facets along 
the corners, resulting in Pd nanoparticles that had 32 facets (24 {730} facets and 8 {111} facets). 




became sharper, especially the extrusions along the <111> directions, suggesting that a faster 
rate of reduction favors shaper nanoparticle features. In addition to the extrusions, distinct {111} 
facets that are visible (Figure 2.6, Panels III & IV). In comparison to the truncated nanoparticles, 
even though the number of facets are the same (i.e. ~32), the 8 {111} facets are projected 
outwards in case of the stellated nanoparticles. Further increasing the AA concentration (from 45 
to 150 μL of 0.1 M AA) resulted in the formation of many self-nucleated particles amongst the 
Pd THH particles (Figure 2.7), indicating that the concentration of the reductant plays a critical 
role in maintaining monodispersity of the nanoparticles. Importantly, the particles maintain the 
high-indexed facets in the <100> direction irrespective of the seed concentration or the reductant 
concentration. 
Figure 2.2: a) SEM image of as-synthesized Pd THH nanocrystals (condition: seed 150 μL, 25 
μL 0.1 M AA); b) Schematic representation of the THH nanoparticle structure. The truncations 
and stellations occur in the <111> direction, while the growth of the high-indexed facets are in 




Figure 2.2 (cont.): <100> direction (using [001] as the zone axis) with extrusions along the 
<111> directions; d) Corresponding SAED pattern with square symmetry, showing the single-
crystal structure of the Pd THH nanocrystals. 
 
Table 2.1: Crystallographic details of THH nanocrystals to determine their miller indices. 
 
 
Figure 2.3: a) TEM image of a Pd THH nanoparticle taken from the <100> direction ([001]  zone 
axis). The zoomed in image of TEM shows the angle subtended by the surface marked by the 





Figure 2.4: pXRD of the assynthesized Palladium THH nanocrystals compared to the 
corresponding peaks of Ag (red) and Pd (blue). A slight shift in the peaks may indicate the 
incorporation of Ag in the nanostructures. 
Figure 2.5: a) STEM of the Palladium THH particle with the EDS maps for elemental Ag and 





Figure 2.6: SEM images of Pd THH nanoparticles synthesized under different concentrations of 
ascorbic acid and Pd nanocubic seed in the presence of AgNO3. Panels D- A represent increasing 
concentrations of cubic seed in the growth solution; specifically, D- 75 μL, C- 100 μL, B- 150 
μL and A- 200 μL. Panels I- IV represent increasing concentrations of ascorbic acid in the 
growth solution; specifically, I- 15 μL, II- 25 μL, III- 35 μL and IV- 45μL of 0.1 M Ascorbic 






Figure 2.7: Pd Nanoparticles synthsized with excess of ascorbic acid. Conditions: 75 μL Pd 
nanocubic seed 100 μL of 1 mM AgNO3, 125 μL of 10 mM H2PdCl4, 150 μL 100 mM Ascorbic 
acid (AA). 
Figure 2.8: Pd nanoparticles synthesized with different Ag (I) sources, silver acetate 
(AgOCOCH3), or  silver trifluoroacetate, (AgOCOCF3). Conditions: 150 μL Pd nanocubic seed 




To ensure that the presence of Ag+ is essential for the formation of high indexed facets, 
we carried out the same synthesis in the absence of Ag+, which yielded only palladium 
nanocubes (Figure 2.9 a ). This result is consistent with that reported previously.57 Interestingly, 
replacing the AgNO3 with silver acetate (AgOCOCH3) and silver trifluoroacetate (AgOCOCF3) 
also led to the formation of THH particles (Figure 2.8). Therefore, while the presence of Ag+ 
ions is vital for the formation and stabilization of the {730} facets, the source of the Ag+ ions in 
the synthesis does not play an important role. 
 Having confirmed the essential role of Ag+ in the formation of high-indexed facets in the 
presence of 100 μL of 1 mM AgNO3, we then tested if the synthetic procedure is sensitive to the 
amount of Ag+ in the reaction. When 25 μL of 1 mM AgNO3 (Pd
2+:Ag+ = 50:1) solution was 
added to the reaction mixture, the particles still retained the cubic shape, but the cubic 
nanostructures were not as sharp as the nanocubes synthesized without the introduction of Ag+ 
(Figure 2.9). The samples synthesized with 50 μL (Pd2+:Ag+ = 25:1) and 75 μL (Pd2+:Ag+ = 
50:3) of 1 mM AgNO3, however, clearly showed high-indexed facets, demonstrating that a 
minimum amount of Ag is required in stabilizing the high-indexed facets. When we increased 
the concentration of AgNO3 gradually from 2 mM to 10 mM in the same 100 μL volume added, 
we did not observe any marked change in the core shape (i.e. THH), further confirming our 
conclusions. Interestingly, we observed that the increase in the Ag+ concentration in the growth 
solution led to the gradual disappearance of the {111} facets in the corners of the nanostructures. 
However, the formation of the 24 high-indexed facets were not perturbed by these conditions. 
This result further validates that Ag is responsible for stabilizing high-indexed facets rather than 
the {111} facets (Figure 2.10). The amount of Ag incorporated into the final THH particles 




amount of Ag+ used for the synthesis with ~9.2% of Ag being the maximum amount 
incorporated into the final nanoparticle (Figure 2.11). 
Figure 2.9: Pd nanoparticles synthesized with different AgNO3 concentrations. Conditions: 150 
μL Pd nanocubic seed, 125 μL of 10 mM H2PdCl4, 25 μL 100 mM Ascorbic acid (AA) and a) 0 
μL of 1 mM AgNO3; b) 25 μL of 1 mM AgNO3 (Pd:Ag = 50:1); c) 50 μL of 1 mM AgNO3 





Figure 2.10: SEM images of Pd THH nanoparticles synthesized under different concentrations of 
AgNO3 in the growth solution; a) Pd
2+:Ag+ = 12.5:1, b) Pd2+:Ag+ = 6.25:1, c) Pd2+:Ag+ = 4.16:1, 
d) Pd2+:Ag+ = 3.12:1, e) Pd2+:Ag+ = 2.5:1, f) Pd2+:Ag+ = 1.25:1. Scale Bars = 100 nm. 
Figure 2.11: (a) The ratio of Ag:Pd incorporated into the final THH nanostructure VS the ratio of 
Ag+:Pd2+ introduced into the growth solution. (b) % Ag with respect to Pd in the THH 
nanostructure VS % Ag+ with respect to Pd2+ added in growth solution. The Ag and Pd 
concentration values in the nanoparticles were measured by ICP-MS analysis of nanoparticle 




To study the shape evolution of the cubic seed to the high-indexed THH nanoparticles, 
we systematically characterized aliquots of the sample taken at different time points after the 
reaction started. Since the growth solution was kept at 40˚C for 12 h, we separated small aliquots 
by the hour. We observed the formation of a Pd THH particles within the first hour, after which 
{730} facets remained and the THH particles grew bigger in size (Figure 2.12). The protrusions 
along the <111> direction emerged only at a later time point (>10 h) and was clearly evident at 
the end of the reaction (24 h). Since the deposition along the <111> direction began only during 
the latter part of the growth, the Pd THH nanoparticles without the truncations or stellations 
could be sequestered by stopping the growth at an early time point. The early stabilization of 
these open surface structures can be explained by the underpotential deposition (UDP) of Ag.50, 
59 The deposition of Ag onto the Pd surface stabilizes the high-indexed facet first and then slows 
down the growth process, which leads to the retention of the high-indexed facets in the final 
nanoparticle.60 Figure 2.13 shows the early time points in the growth (< 1 h) where the 
deposition onto the seed was visible ~15 min after the reaction began, where the particles were 
rounded. Then the deposition along the <100> direction could be observed at the 25 min time 
point. Before the THH structure was fully formed around the 1 h time point, the high-indexed 
facets were truncated in the 35 min and 45 min time points, indicating the ongoing deposition 
along the <100> direction. Additionally, smaller nanocrystals were observed at early time points 
(~15 mins, Figure 2.14), indicating a possible Ostwald ripening event. 
 Based on our observations, we propose a scheme for the evolution of Pd THH 
nanoparticles from a Pd nanocubic seed (Figure 2.15). The nanocubic seed transitions into a 
face-truncated THH first, due to the underpotential deposition of Ag. This process involves the 




complete formation of the Pd THH particle takes place. The overgrowth of the resulting THH 
nanoparticles then takes place, further increasing the size of the nanoparticles. Finally, the {111} 
facets emerges, forming the final nanocrystal. The growth of the protruding {111} facet may be 
due to the deposition of the energetically-strained corners of the THH structure and the high 
stability of the {111} facet in FCC structures.61 
 
Figure 2.12: SEM images of the nanoparticle growth at different time points. Time points were 
chosen to represent the morphology evolution in the presence of Ag. Scale bars = 50 nm. The 








Figure 2.13: TEM images of the nanoparticle growth stopped at different time points. The time 
points were chosen to represent the morphology evolution. Scale bars = 50 nm. 
  
Figure 2.14: TEM images of sample whose growth stopped at 15 min. Red arrows indicate nano-





Figure 2.15: Scheme depicting the proposed mechanism of Pd THH nanoparticle formation via 
underpotential deposition of Ag onto the Pd cubic seed. 
2.3 Conclusions: 
In summary, we report a facile method for the synthesis of palladium THH nanoparticles. The 
protocol reproducibly yields monodisperse particles with high–indexed facets in water without 
any organic solvent additives such as DMSO. In comparison to the previous protocols that 
involve electrochemical square wave potential method or the use of gold seeds, the current 
method is more scalable and significantly more economical, respectively. Furthermore, we were 
able to synthesize the truncated and stellated analogues of the THH nanoparticle by tuning the 
amount of ascorbic acid in the growth solution. Size can be easily controlled by the seed 
concentration. The main component that stabilizes these high-indexed facets is the small amount 
of Ag+ that is added in the synthesis. The underpotential deposition of Ag helps retains the facets 
from the very initial stages of the growth where the THH morphology is attained. Since the Pd 
THH particles have demonstrated to have high catalytic efficiencies for various catalytic 
reactions, we envision that this study will not only help provide easy access to these high-energy 
surface structures, but will also open an avenue to explore UPD-based synthetic procedures in 





2.4 Experimental section: 
2.4.1 Materials:  
All of the chemical reagents were used without further purification. Palladium(II) chloride 
(PdCl2, 60% Pd basis), Silver (I) Nitrate (AgNO3), silver acetate (AgOCOCH3, 99.99 %) and 
silver trifluoroacetate (AgOCOCF3) cetyltrimethylammonium bromide (CTAB, BioUltra, ≥99%) 
and L-ascorbic acid (AA) (≥99%), were purchased from Sigma-Aldrich. Hydrochloric acid (HCl, 
37%) was purchased from Macron Fine Chemicals. Milli-Q water (18.2 MΩ) was used in all 
procedures. 
2.4.2 Instrumentation and characterization: 
Samples were washed several times (at least three times) with DI water before preparing samples 
for electron microscopy. For TEM, 4.0 μL of diluted particle solution were drop-casted onto 
carbon-coated copper grids, which were then allowed to dry open to the air. The JEOL 2100 
TEM operated at 200 kV was used. Samples for SEM were prepared by placing a 2.5 μL droplet 
on a silicon wafer and allowing it to dry. SEM was performed using a Hitachi S4800 SEM. A 
Bruker D8 Venture (DUO) diffractometer was used to obtain the powder XRD patterns. Samples 
for XRD were prepared lyophilizing concentrated solutions of nanoparticles. PerkinElmer-
SCIEX ELAN DRCe ICP-MS was used to perform ICP-MS. Images were edited using ImageJ 
software and Microsoft PowerPoint.  
2.4.3 Synthesis of ~22-nm cubic Pd nanocube substrates: 
Pd nanocubes were synthesized following a reported protocol.57 Diluted HCl was added to PdCl2 
(2:1 ratio) to produce a 10 mM H2PdCl4 solution. A vial containing CTAB (45.6 mg) and 10 mL 
of deionized water was sonicated until CTAB was completely dissolved. The Pd precursor 




produced, indicating the formation of the precursor complex with CTAB. The solution was then 
heated for 5 min at 95 °C with stirring (∼600 rpm); then, 0.080 mL of 0.1 M ascorbic acid was 
added to the vial. The solution was heated for an additional 15–20 min at 95 ° C with stirring to 
form a clear brown solution, indicating the formation of the nanocube substrates. The solution 
was removed from heat and stored at 30 °C. 
2.4.4 Synthesis of Pd THH nanostructures (55 nm – 110 nm): 
Briefly, CTAB (182.24 mg) was dissolved in 5 mL of Millipore water and transferred to a 15-mL 
tube. To this solution, 100 μL of 1 mM AgNO3 (or any other Ag+ source such as silver acetate 
(AgOCOCH3), or  silver trifluoroacetate (AgOCOCF3) was added and mixed gently. This 
solution was placed in a water bath (40 °C). H2PdCl4 (125 μL of 10 mM H2PdCl4) was added to 
this solution and mixed gently (Pd: Ag = 12.5:1). The previously prepared 22-nm Pd cube seed 
solution (150 μL) was then added to the above solution and mixed. Finally, ascorbic acid (25 μL, 
0.1 M) was added to the solution, and the reaction contents were mixed gently and maintained at 
40 °C. The reaction was not disturbed for 24 h until the reaction complete. To obtain pure Pd 
THH nanoparticles the reaction can be terminated earlier (~10 h).  
 For control in size of the final nanostructure from 55 nm to 110 nm, the amount of seed 
added is changed accordingly. The seed concentrations used were; 200 μL, 150 μL, 100 μL and 
75 μL. Further, the truncations and stellations in the structure can be fine tunes by changing the 
amount of ascorbic acid. Truncations can be obtained by using a low concentration of AA (15 
μL, 0.1 M AA) and the stellated nanostructures can be obtained by using higher concentration of 
AA (25 μL, 35 μL and 45 μL of 0.1 M). 
 Studies where lower concentrations of AgNO3 were used for the growth, 4 separate 




Millipore water and transferred to a 15-mL tube. To this solution, 0 μL, 25 μL, 50 μL and 75 μL 
of 1 mM AgNO3 (In 4 separate growth solutions) was added and mixed gently. This solution 
was placed in a water bath (40 °C). H2PdCl4 (125 μL of 10 mM H2PdCl4) was added to this 
solution and mixed gently. The previously prepared 22-nm Pd cubic seed solution (150 μL) was 
then added to the above solution and mixed. Finally, ascorbic acid (25 μL, 0.1 M) was added to 
the solution, and the reaction contents were mixed gently and maintained at 40 °C. The reaction 
was not disturbed for 24 h until the reaction complete. 
 Higher concentrations of Ag+ in the growth solution were tested by making AgNO3 stock 
solutions at different concentrations, specifically, 2 mM, 3 mM, 4 mM, 5 mM and 10 mM and 
100 μL of these solutions were used in the synthesis. All other conditions were kept the same, 
cubic seed solution volume was fixed at 150 μL and ascorbic acid at 25 μL 0.1 M. 
2.4.5 Kinetic electron microscopy studies: 
To arrest the growth of a sample at a certain time, 200 μL aliquots were drawn from the growth 
solution at a desired time point. The sample was then centrifuged (8krpm, 5 min) and washed 
three times with Millipore water before characterizing the sample using scanning electron 
microscopy (SEM) or transmission electron microscopy (TEM). 
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DNA-MEDIATED MORPHOLOGICAL CONTROL OF PALLADIUM-GOLD (Pd–Au) 
BIMETALLIC NANOPARTICLES 
Part of this chapter was published in “DNA-Mediated Morphological Control of Pd–Au 
Bimetallic Nanoparticles” Satyavolu, N. S. R.; Tan, L. H., Lu, Y. Journal of the American 
Chemical Society 2016, 138, 50, 16542–16548. Copyright 2016 American Chemical Society.  
3.1 Introduction: 
Colloidal metal nanoparticles have been widely employed in many applications including 
catalysis,1-3 sensing,4, 5 photonics6, 7 and medicine.8-12 Major factors in determining the efficacy 
of these materials for their applications are the different shapes and surface properties these 
nanoparticles exhibit. Therefore, being able to control the morphology of metal nanoparticles is 
critical for their successful application. An effective strategy to control nanoparticle morphology 
is to use different capping ligands during the synthesis of the nanoparticles.13 In addition to 
providing colloidal stability, the ligands, depending on their binding affinity to the seed or 
precursor used, can often influence the rates of precursor reduction and diffusion, facet 
stabilization and can also in some conditions serve as reducing agents themselves.13    
Among the known biomolecular capping ligands,14 nucleic acids have a unique 
programmable ability through different combinations of nucleotide sequences that has been 
exploited extensively in the field of nanotechnology.15-22 Due to the ease of synthesis of this 
biopolymer, it can be modified easily and thus be coupled to many nanomaterial systems.19, 20, 23 
Therefore, we and others have demonstrated that DNA can be used to control the shape, and thus 
the properties, in a sequence dependent manner of monometallic systems such as gold24-26 and 




only monometallic particles. Bimetallic nanoparticles, have attracted interest not only due to 
their multi-functionality, but also because of their synergistic properties.29-32 Furthermore, while 
extensive studies have been performed on the interaction of DNA with Au surfaces,33-35 similar 
studies with other metals are rare. Understanding the growth mechanisms of bimetallic systems 
in the presence of DNA can give us important information about whether DNA synergistically or 
independently interacts with the two metals.  
    Pd-Au bimetallic nanoparticles are particularly interesting due to their catalytic 
properties for a variety of reactions, such as vinyl acetate synthesis36 and oxidation of alcohols to 
aldehydes.37 The lattice mismatch between Au and Pd is reasonably low (~4.9%) and their ability 
to be co-reduced in an identical reducing environment despite difference in redox potentials 
(AuCl4
- /Au: 1.002 V and PdCl4
2-/Pd: 0.591 V)38, makes them an ideal system to study. In the 
synthesis of Au-Pd bimetallic nanocrystals, the roles of various factors such as anions, pH,39-41 
and shape of the seed42, 43 have been studied comprehensively. While all these factors greatly 
influence the shape of the nanocrystal, not many studies have focused on the effect of different 
capping agents for the synthesis of these particles of controlled architecture. Ligands that are 
conventionally employed in the synthesis of metallic nanomaterials, are largely limited in the 
variability of their functional groups. DNA on the other hand, can have a great deal of functional 
variance due to its high sequence variability and the structural complexity associated with it. 
    In this study, we extend the application and demonstrate the effect of DNA as a 
capping ligand to control the morphologies of bimetallic structures starting with a palladium 
nanocube as the seed. We ultimately yielded four unique morphologies that were governed by 
the specific homo-oligonucleotide sequence used. We further studied the interaction of DNA 




kinetic studies, we were able to decipher how different DNA sequences control the morphologies 
of bimetallic nanoparticles through modulation of DNA affinities for, and diffusion on, the metal 
surfaces. Additionally, we have also demonstrated that the difference in affinities are highly 
influential in determining the mechanism of metal deposition onto the core. 
3.2 Results and discussion: 
3.2.1 DNA sequence dependent morphology control of palladium-gold (Pd-Au) 
nanoparticles: 
In order to investigate the potential roles of DNA sequences in controlling the morphologies of 
bimetallic nanoparticles, we first synthesized palladium nanocubes (~65 nm, Figure 3.1) using a 
slightly modified protocol (see experimental section) from that reported previously,44, 45 and then 
employed them as seeds to synthesize Pd-Au nanoparticles in the presence of different DNA 
molecules. Seed-mediated synthetic routes to form core-shell bimetallic nanostructures have 
proven to be straightforward to obtain monodisperse samples.46 Co-reduction of gold and 
palladium precursors (HAuCl4:H2PdCl4=10:1) at room temperature using a mild reducing agent, 
hydroxylamine (NH2OH), was performed in the presence of homo-oligomers containing 10 
deoxy-ribonucleotides of thymine, adenine, cytosine or guanine (referred to as T10, A10, C10 
and G10, respectively, hereafter). The use of homooligomeric sequences helps us decouple 
parameters, such as base dependent binding affinity, from others. In previous studies,25 we have 
determined that 10 is the minimal length to keep nanoparticles colloidally stable while 
controlling the morphologies of the nanoparticles. Therefore, we chose A10, T10, C10 and G10 
for this study. In comparison to previous studies in which 30 bases of DNA molecules were used, 
a higher concentration of DNA was used (see experimental section), in order to compensate for 




between DNA and all the components (seed and precursors) of the system. The reaction was 
subsequently allowed to proceed for 24 hrs. As shown in Figure 3.2, co-reduction in the presence 
of T10 resulted in formation of a cuboctahedron core-frame, with the {100} surface of the cubic 
core exposed – a unique morphology that has not been observed before for Pd-Au bimetallic 
nanostructures to our knowledge. On the other hand, the presence of A10 promoted the 
formation of rhombicuboctahedron particles, C10 allowed the formation of cuboctahedron 
particles and G10 permitted the formation of nanoparticles where the Pd-Au shell covers the Pd 
core surface in an uneven manner (Figure 3.2). In the absence of any DNA molecule, aggregated 
particles of Pd and Au were observed (Figure 3.3), confirming the role of DNA in both 
influencing the final morphology and maintaining colloidal stability of the particles. 
 








Figure 3.2: SEM images of the Pd-Au nanoparticles synthesized in the presence of A) T10, B) 
A10, C) C10 and D) G10. Scale bars = 100 nm.  




Figure 3.3: SEM images of control samples, i.e. growth in the absence of DNA. Arrows indicate 
the part of the sample where growth of Au-Pd takes place on the edges and vertices of the Pd 
cubic seed. 
Figure 3.4: a) STEM images of each of the particles. Scale bars = 100 nm; b) Elemental map for 
each morphology, indicating the composition of the final particles. Scale bars = 25 nm; c) EDS 




To study the elemental compositions of the core and shell for each morphology obtained, 
we used STEM-EDS (Energy dispersive spectroscopy) analysis (Figure 3.4). The elemental map 
reveals that the Pd nanocube clearly resides at the center of each structure, while the shell 
contains both Pd and Au, with Au in excess. Since the precursors were used in a ratio of 10:1 
(HAuCl4: H2PdCl4) in the co-reduction process, this observation of excess Au in the shell was 
expected. Additionally, when only HAuCl4 is used as the precusor (with A10 and T10 
sequences), the Au is confined to the shell and Pd to the core (Figure 3.5). The data indicates that 
the Pd precursor plays no significant role in influencing the morphology, but it does influence the 
composition of the shell. The powder X-ray diffraction (PXRD) analysis of the particles (Figure 
3.6) showed a shift in the pure Au peaks, indicating the presence of a small amount of Pd in the 
mostly Au shell.  
The most interesting shape was obtained in the presence of T10, wherein an Au-Pd core-
frame was formed over the Pd cubic seed. The SEM, STEM and EDS elemental maps clearly 
show the retention of the cubic core with the {100} facet exposed, suggesting that the addition of 
reducing agent favors the direct reduction of Au and Pd precursors. STEM and EDS elemental 
map data representing different angles of the core-frame structure have also been collected 
(Figure 3.7). The two different angles of the particles in Figures 3.7 b & c represent particles 
viewed from <100> direction and <110> direction of the cubic core. Along the <100> direction 
i.e. in Figure 3.7 b, the intensity of Pd remains the same throughout since the view is of a flat 
{100} surface. On the contrary, in Figure 3.7 c, the view is along the <110> direction (inset 
along the green arrow) and hence the edge of the Pd cube is directly exposed to the detector 
giving a higher signal in the middle of the structure as compared to the side. These features can 




only due to the orientation of the structure. The rhombicuboctahedron particles formed in the 
presence of A10 display 3 surfaces, as confirmed by Selected Area Electron Diffraction (SAED, 
Figure 3.8) and as observed by SEM, namely {100}, {111} and the {110} facets. In contrast, the 
cuboctahedron nanoparticles fomed in the presence of C10 consist of only 2 distinct facets: the 
{100} and the {111} facets (Figure 3.9). The G10 mediated particles exhibit an unusual shape 
owing to the undulated Pd-Au shell over the cubic core. 
Figure 3.5: STEM images and EDX maps of particles grown in the presence of a) A10 and b) 
T10 as the capping agent with only HAuCl4 as the precursor without changing reduction 
conditions. The core contains only Pd while the shell contains only Au. In b) different angles of 




Figure 3.6: pXRD of an A10 sample. Red and blue plots indicate the reference patterns for pure 
Au and pure Pd. The shift of the Au peaks indicate the presence of Pd in the shell. 
Figure 3.7: STEM images and EDS maps of Au-Pd nanoparticles in presence of T10 DNA 
sequence viewed from different angles; Inset in b) and c) show the direction of view with respect 





Figure 3.8: Selected Area Electron Diffraction (SAED) of A10 particles in different orientations.  
 






All the particles were obtained in high yield and exhibited plasmonic properties in the 
visible region with λmax values between 500 to 600 nm. The T10-mediated particles displayed the 
most red shifted peak at around 595 nm while the A10 mediated particles had the most blue 
shifted peak at around 528 nm. The spectra of C10 and G10 mediated particles were very similar 
to each other, with λmax consistently between those of A10 and T10 mediated particles (Figure 
3.10). 
 
Figure 3.10: UV-vis spectra of all the particles synthesized in the presence of different sequences 
of DNA. λmax values are 528, 543, 547, and 576 nm for A10, G10, C10 and T10 particles, 








3.2.2 Kinetics of DNA-mediated nanoparticle growth: 
To elucidate the roles of each DNA sequence in forming these unique shapes, the kinetics 
of the nanoparticle formation were monitored by absorption spectroscopy in the visible region. 
Seeded growth can be monitored by the absorbance of the surface plasmon peak, which is 
directly related to the volume fraction of the nanoparticles grown as a function of time.47 Since it 
is known that Pd exhibits a very weak LSPR as compared to metals like Au or Ag, the majority 
of the contribution to the obtained SPR is from Au. Additionally, since the emergence of the 
LSPR of the shell with time remained consistent through the growth, it helped us monitor the 
change of absorbance and thus the deposition of gold in a consistent manner. The final LSPR 
peak positions and the FWHM of each of the spectral profiles obtained were different owing to 
the differently shaped bimetallic particles. The Pd core itself exhibited a weak plasmonic peak 
around 400 nm initially (Figure 3.11), and with time, a new plasmonic peak between 500-600 nm 
appeared (Figure 3.12). The increase in absorbance of the spectra depended on the sequence used 
for the growth. This sequence-dependent rate increase became more evident when the λmax 
values for each sample were plotted against time (Figure 3.13 a). 
Figure 3.13 a shows that, while the kinetic profiles of nanoparticle growth under the 
influence of T10, C10 and G10 are very similar, the rates of increase are different, with the T10 
particles having the highest rate and the G10 particles having the lowest rate. It should be noted 
that the absorbance of the particles is sensitive to the morphology. The extinction coefficient 
may change as the particles grow in solution and that may contribute to a possible deviation. 
However, the trend of absorbance increase for T10, C10 and G10 remains the same. In contrast, 
the A10 mediated particles show a unique sigmoidal growth profile for the initial time points (0-




rate of absorbance increase (Figure 3.13 a). To corroborate our analysis, the area under each 
spectrum (between 400 nm to 900 nm) for each time point that we have collected for the growth 
in the presence of each homo oligomeric sequence was integrated. The trend that we obtained for 
the integrated areas is the same as that obtained using the LSPR peak height (Figure 3.13 b). The 
kinetic cures were fit using the KJMA (Kolmogorov-Johnson-Mehl-Avrami) model, (Figure 
3.14) which has widely been adopted to describe the kinetics of crystallization of materials.47-50 
From this fit, kinetic parameters for the growth in presence of all the bases were obtained (Table 
3.1). 
A sigmoidal growth profile may be indicative of an aggregative growth mechanism.51, 52 
In such a growth mechanism, instead of direct reduction of the precursor onto the seed, there is a 
nucleation step in which formation of smaller nanocrystallites occurs, after which a preferential 
inter-particle aggregative coalescence takes place. The smaller particles subsequently crystallize 
onto larger particles, a process known as Ostwald ripening.49 It is known that adenine has a high 
binding affinity to the gold precursor,53 and this property of A10 may facilitate the formation of 
smaller nanoparticles before they aggregate and deposit onto the palladium seed. Such a growth 
mechanism has been observed for gold nanoparticles stabilized by strongly binding ligands such 
as thiols.51 This mechanism was further confirmed when the sample growth was analyzed with 
HR-TEM after the reduction was quenched at 5 min. The presence of smaller nanocrystallites 
was clear in the sample (Figure 3.15). The analysis was carried out only after having washed the 
sample a minimum of three times. Hence, the possibility of production of smaller nanocrytallites 






Figure 3.11: LSPR of the Pd cubic seed, with the λmax around 400 nm.  
Figure 3.12: Time based absorption spectra of the growth of particles with time in the presence 




Figure 3.13: a) The plot of absorbance vs time at the λmax values for each of the particles; b) Plot 
of integrated area under each spectrum (between 400 – 900 nm) for each time point that has been 
collected for the growth kinetics in the presence of each homo oligomeric sequence.  
3.2.2.1 Additional information on the UV-Vis kinetic studies: 
The growth of nanoparticles cannot be treated with a simple rate equation like chemical 
reactions.54 The process of precursor reduction onto the seed is more complicated than the simple 
conversion of reactants into a product. However, to keep the growth model consistent, we fit the 
curves using the KJMA (Kolmogorov-Johnson-Mehl-Avrami) model. The KJMA model can be 
adopted to describe the kinetics of crystallization of materials48 and fits the obtained kinetic 
curves well. The absorbance (A) of the LSPR peak (related to the volume fraction of the 
nanoparticles) can expressed as a function of time using the equation below: 
                     A = C*(1-exp(-(k*t)n)) 
 where k is the apparent rate constant, n is the critical growth (Avrami) exponent, and C is the 
proportionality constant. The apparent rate constant (k) has a unit of (min)-1. The same model 




for the linear rise in absorbance after the sigmoidal growth profile, we added a second term to the 
equation.47, 50   
                A = C*(1-exp(-(k*t)n)) + (b(t-to))/(1+exp-(t-to)) 
Where b is a proportionality constant and to is the time at which there is an onset of linear 
increase in absorbance beyond the sigmoidal phase which is taken to be 16 min (Figure 3.14, 
Table 3.1) 












Table 3.1: Kinetic parameters obtained from the KJMA model fit of the kinetic curves. 
 
Figure 3.15: TEM images of sample whose growth in the presence of A10 was quenched at 5 
min. Right most image shows the zoomed-in image of the smaller nano-crystallites shown in the 
white box in the middle image. 
3.2.3 Kinetic studies of morphology evolution with SEM: 
In order to monitor the shape evolution during the kinetic growth observed by the above UV-vis 
spectral changes, we quenched the reduction at different time points with excess 3-
mercaptopropionic acid (MPA), which can bind to the unreacted precursor and prevent further 
deposition of the metal. Additionally, the reaction mixture after MPA addition was immediately 
centrifuged to remove any “free” precursor and prevent any further reduction events. SEM was 
then used to characterize the particle growth quenched at different time points (Figure 3.16). In 
 k n Statistics 








T10 0.11756 0.0015 0.70403 0.00899 1.66601E-5 0.9981 
C10 0.08568 0.00353 0.54426 0.01114 1.85651E-5 0.99686 
G10 0.07109 0.00521 0.59371 0.02128 4.66119E-5 0.99065 





all cases, the reaction proceeds via an island-like nucleation of metal on the Pd cube which 
eventually becomes an epitaxial shell. Based on the above SEM study of the kinetics of the 
bimetallic particle growth, we have presented a schematic (Figure 3.17) that illustrates the DNA-
mediated mechanism based on the atomic model previously described by Xia and coworkers.32, 
55, 56 The island-like growth may be attributed to a combination several factors,32 including lattice 
strain, kinetic parameters such as low reaction temperature, and nature of seed’s surface (e,g., 
adsorbed ligands57 such as DNA in this study). In the case of T10 particles, the growth occurs 
only at the edges and the vertices of the cubic seed, namely the {110} and {111} sites, which 
eventually transitions to an epitaxial layer in ~ 20 minutes. Typically, the deposition of atoms 
takes place in regions of higher surface free energy (γ), and in this case, the {111} and {110} 
sites or the vertices and edges of the cube, owing to the lower coordination number of the 
residing atoms. Thymine can effectively interact with the seed and the precursors through the 
carbonyl groups.58 The interaction of the ring-based nitrogen is limited by the electronic effects 
induced by the adjacent carbonyl groups. The weak interaction between the metal seed and the 
T10 sequence, allows the deposition of metal atoms onto the high-energy sites. Since the 
deposition rate of atoms is greater than that of the diffusion of atoms to the {100} facet, which 
has lower surface free energy, the formation of the satellite core-frame bimetallic nanostructure 
takes place (Figure 3.17). On the contrary, growth in the presence of the three other bases shows 
nucleation on all the facets of the cube, including the {100} facets. It is known that the 
passivation of a specific facet by the chemisorption of a capping agent may decrease the surface 
free energy of that facet. The binding affinity and coverage density of the ligand on the seed 




bases to the higher energy sites and the subsequent lowering of γ plays an important role in the 
formation of the obtained structures, making the growth a kinetically controlled process.  
Figure 3.16: SEM images of the nanoparticle growth quenched at different time points. Time 
points were chosen to represent the morphology evolution in the presence of each of the poly-
bases. Scale bars = 100 nm. 
Figure 3.17: Proposed mechanism of growth of Pd-Au bimetallic nanostructures Influenced by 
different sequences of DNA. The atomic models represent the cross-section of the 3-D models 




    Growth in the absence of DNA also provides important evidence for the above 
hypothesis. The particles formed in the absence of DNA contain Pd-Au structures that have the 
Pd {100} facet exposed, even though the particles aggregated (Figure 3.3). The formation of 
such a shape indicates that the incoming metal preferentially covers the edges and the corners of 
the cubic seed, i.e. the sites that have high energy as compared to the {100} faces of the cube. In 
the presence of a capping agent, there may be lowering of γ that results in a variable deposition 
profile. 
    Our observations for growth in the presence of A10 confirm an aggregative growth 
route (Figure 3.17). Formation of smaller nanocrystallites was not observed in our previous 
report, where the reduction of gold precursor on gold seeds was studied.25 In the previous report, 
where Au spherical seeds were used, the concentration of A30 DNA was 1 μM and the 
maximum theoretical number of DNA strands per spherical Au seed was ~ 4000 strands. In the 
current study the amount of A10 DNA used is 12.5μM, and the number of A10 molecules 
present per Pd seed is ~ 6 x 106 (See Experimental Section). With a low number of DNA 
molecules per seed in the previous report, the reduction of gold precursor on gold surfaces is 
catalytically enhanced.59 In contrast, the higher number of A10 DNA per seed in the current 
study, can hinder accessibility of metal atoms to directly deposit onto the seed. As a result, the 
activation energy of direct Au reduction and deposition onto the seed is higher than the 
activation energy required for the self-nucleation of gold precursors into nanocrystalites. Owing 
to the exocyclic amine group and the ring-based nitrogen in adenine’s structure, A10 tends to 
have a higher binding affinity to both the precursors and the seed.58 The passivation of the high-
energy sites by A10 is relatively stronger as compared to the other bases. Hence, the deposition 




{100}), contrary to the growth modes of the other bases. The direction of growth of the shell, is 
therefore along the <111>, <110> and <100> directions, which results in the formation of a 
rhombicuboctahedron, characterized by the {111}, {110} and {100} facets.  
 The formation of the cuboctahedron in the presence of C10, as mentioned earlier, 
proceeds in an early time point (2 min), via nucleation on all facets of the cube. Both, Guanine 
and Cytosine bases can bind to metal atoms via the carbonyl groups and the exocyclic amine 
groups.58 As the growth proceeds in the presence of C10 the deposition of atoms along the {111} 
and {110} sites is faster than the deposition and diffusion to the {100} facets (Figure 3.17). This 
deposition profile indicates the binding affinity of C10 to the seed is higher when compared to 
T10. The particles thus, exhibited a crater like feature in the deposited shell until about 35 min of 
growth at the center of the {100} facet. Eventually, formation of the fully covered particle takes 
place. The nanoparticle growth in the presence of G10 to form an undulated shell covering the 
cubic core is quite peculiar. A detailed inspection of the shape evolution in Figure 3.16 revealed 
that, although nucleation occurs on all of the facets, the deposition of the incoming metal occurs 
only on the already nucleated sites, leading to formation of an undulated shell. The relatively 
slow kinetics of particle growth in presence of G10 as compared to that of T10 or C10 may be 
attributed to the favorable interaction of G10 to the palladium or gold precursors. It is also 
known that the guanosine base can bind to Pd(II).60 Additionally, formation of secondary 
structures such as G-quadruplexes cannot be ignored, and we do observe such a formation in our 
system (Figure 3.18). Passivation of the surface by these secondary structures allows deposition 
of metal on the surface of the seed only in areas that are non-passivated (Figure 3.17). Deposition 
in secluded areas on the seed subsequently enables the formation of clumpy islands as observed 




atom diffusion to other areas on the seed, it does not completely eliminate it. Hence, the 
formation of a shell that is undulated, but that covers the Pd cubic core, takes place. Further 
increase in the concentration of G10 shows complete passivation of the surface of the cube 
where there is hardly any deposition of metal onto the Pd core observed (Figure 3.19).  
Figure 3.18: Circular Dichroism of G10 particles grown with different total concentrations of the 
reductant (Hydroxylamine). 
Figure 3.19: Growth in the presence of different total concentrations of G10. Increasing the 
concentration of G10 passivates the surface (as seen clearly in growth with 30.5 μM G10) and 





In summary, we have investigated the DNA-mediated morphology control of Pd-Au 
bimetallic nanostructures and found that the differences in binding affinity of the DNA bases 
employed determines the extent of passivation of higher energy facets on the palladium 
nanocube seed. An important factor in the growth is the facets displayed by the seed. The 
coordination number of the atoms determines the surface energies of the facets. The differential 
binding of DNA to each of these facets determines the extent of lowering of surface energy. The 
DNA sequence is also involved in controlling diffusion of the metal atoms in the solution as well 
as onto the seed. These effects have led to the formation of four unique morphologies of 
bimetallic Pd-Au nanostructures. Exclusively, A10 initiates an aggregative growth mechanism 
due to its high binding affinity to the gold precursor. While it is well known that poly-adenine 
has the highest binding affinity to gold precursors/surfaces,33-35 we were able to demonstrate that 
a reasonably short sequence such as A10 can trigger the formation of smaller individual 
crystallites before they deposit onto the seed. 
In conclusion, the interaction of DNA molecules with the two metals is a dynamic 
process that depends heavily on the sequence of DNA and the identity of the metal. This 
dynamic process involves independent interactions of the specific DNA sequence with the Pd 
present in both the precursor and the seed, and the Au present only in the precursor. This 
conclusion is supported by two main findings in this study, 1) the binding of the DNA to the Pd 
seed lowers the surface energy in a sequence dependent manner and thus allows differential 
deposition profiles of Au and Pd on the seed. The lowering of surface energy occurs due to 
binding events which correlate to the binding affinity of the specific DNA sequence to the Pd 




while T10 lowers the surface energy the least, resulting in the formation of a core-frame 
structure. 2) The interaction of DNA molecules with the metal precursors also plays a significant 
role, allowing A10 to forms smaller nanocrystallites before they deposit onto the seed and G10 to 
form secondary structures that passivates the seed surface ultimately forming an undulated core-
shell structure. 
The system studied herein provides a fundamental understanding of how different DNA 
sequences influence the final morphology of a system consisting of two disparate metals. The 
findings of this study can be applied to synthesize more complex hybrid materials using DNA as 
a capping agent. To be able to control the nanoparticle morphology with such precision can 
prove to be highly advantageous for many complex systems that can be exploited for energy-
related, biomedical or optical applications. 
3.4 Experimental section: 
3.4.1 Materials:  
All of the chemical reagents were used without further purification. Palladium (II) chloride 
(PdCl2, 60% Pd basis), hydrogen tetrachloroaurate (III) hydrate (HAuCl4.xH20, 99.9%), 
cetyltrimethylammonium bromide (CTAB, >= 99%), L-ascorbic acid (>= 99%), sodium iodide 
(NaI, 99.5%), hydrochloric acid (HCl, 37%), sodium hydroxide (NaOH, 99.99% trace metal 
basis) and hydroxylamine hydrochloride (NH2OH.HCl, 99.999% trace metal basis) were 
purchased from Sigma-Aldrich. Deionized water (18.2 MΩ) was used in all procedures. All 







3.4.2 Instrumentation and characterization: 
Samples were washed several times (at least three times) with DI water before preparing samples 
for SEM, TEM and EDX spectroscopy. For TEM, 4.0 μL of diluted particle solution were drop 
casted onto carbon-coated copper grids, which were then allowed to dry open to the air. The 
instruments used for TEM and EDX were JEOL 2100 TEM and JEOL 2010F EF-FEG 
accompanied by an EDX attachment, both operated at 200 kV. Samples for SEM were prepared 
by placing a 2.5 μL droplet on a silicon wafer and allowing it to dry. SEM was performed using a 
Hitachi S4800 SEM. Bruker D8 Venture (DUO) diffractometer was used to obtain the powder 
XRD patterns. Samples for XRD were prepared lyophilizing concentrated solutions of 
nanoparticles. The UV−Vis spectroscopy was performed on an HP 8453 UV-vis 
spectrophotometer. Images were edited using ImageJ software. Circular dichroism (CD) 
experiments were carried out with a Jasco J-810 spectropolarimeter equipped with a Julabo 
temperature controller. PerkinElmer - SCIEX ELAN DRCe ICP-MS was used to perform ICP-
MS on the seed solutions. 
3.4.3 Synthesis of 30 nm cubic Pd NC substrates: 
Pd NCs were synthesized by following a previously reported protocol.45 Diluted HCl is added to 
PdCl2 (in 2:1 ratio) to produce 10 mM solution of H2PdCL4 solution. Briefly, a vial containing 
CTAB (0.05 g) and 9.300 mL of deionized water was sonicated until the CTAB was completely 
dissolved. Pd precursor (0.500 mL of 0.01 M H2PdCl4) was added to the solution and a bright 
orange color was produced indicating the formation of the precursor complex with CTAB. The 
solution was then mixed and 0.200 mL of 0.1 M NaI was added to the solution. A color change 
from bright-orange to a dark-red color was observed after iodide addition. The solution was then 




ascorbic acid was added to the vial. The solution was left to heat for an additional 30 min at 95 
°C with stirring until the dark red color was completely replaced by a dark-brown color, which 
indicated the completed formation of the NC substrates. The solution was removed from heat 
and stored at 30°C. 
3.4.4 Synthesis of ~65 nm cubic Pd NC substrates: 
Pd NCs were synthesized by following a previously reported protocol with modifications.44 
Briefly, CTAB (91.12 mg) was dissolved in 5 mL of Millipore water and transferred to 15 mL 
tube. This solution was placed in a water bath at 50˚C for 5 min. To this solution, Pd precursor 
(0.125 mL of 0.01 M H2PdCl4) was added and mixed well. The previously prepared 30nm Pd 
cube seed solution (70 µl) was then added to the above solution and mixed well. Finally, 
ascorbic acid (25 µl, 0.1 M) was then added to the solution and the reaction contents were mixed 
vigorously and then kept at 50˚C. The reaction was left to remain still for 14 h until the reaction 
was complete. These particles were then used for the DNA-mediated synthesis. 
3.4.5 DNA–mediated synthesis of Pd-Au bimetallic nanocrystals: 
Typically, the ~65 nm cube solution was first washed by centrifugation (8 krpm for 5 min) to 
remove the existing CTAB as much as possible. The washed solution was then diluted to have an 
absorbance of 0.3 at around 400 nm (concentration ~ 4.6 ppm Pd as determined by ICP-MS). 
Then, 85 µl of the diluted solution was incubated in oligomeric sequences of DNA for around 15 
min (A10, T10, G10 and C10). The final concentrations of DNA are 17 μM for T10, G10 and 
C10 and 12.5 μM for A10. ). Millipore water was added such that the final volume of the entire 
reaction mixture (including reductant and precursor) is 100 μl. 200 mM solution of the 




adjusted solution was then added to the DNA incubated cubes and then 4 µl of a mixture 
containing 5 mM HAuCl4 and 0.5 mM H2PdCl4 and the reaction is left to completion. 
3.4.6 Calculation of approximate number of A10 DNA strands per nanoparticle: 
Concentration of Pd as determined by ICP present in the seed solution used for synthesis: 4.6 
ppm (4.6 mg in 1L of solution) 
4.6 ppm of Pd = 43.225 μM of Pd 
85 μL of the seed solution is diluted to a final volume 100 μL 
Total concentration of Pd (with respect to seed) in growth solution = 36.741 μM 
Lattice constant of Pd crystallized in FCC lattice = 3.890 Å = 0.3890 nm 
Volume of each FCC unit = (0.3890)3 nm3 = 0.058863 nm3  
Atom contribution from each FCC unit = 4 Pd atoms 
Approximate volume of each Pd nanoparticle seed = (65)3 nm3 = 274625 nm3 
Number of FCC units in on Pd nanocube seed = (274625/0.058866) = 4.660 × 106 
Total number of Pd atoms in one Pd nanocube seed = 4 × 4.660 x 106 = 18.64 × 106 
Total number of Pd nanocube seeds in 100 μL = (36.741 × 10-10 x NA) / (18.64 × 10
6) = 1.96 x 
10-16 × NA 
Concentration of DNA in the solution = 12.5 μM  
Number of DNA strands = 12.5 × 10-10 × NA 
Number of DNA strands per Pd cubic seed = (12.5 × 10-10 x NA) / (1.96 × 10








3.4.7 Kinetic study: 
In order to arrest the growth of a sample at a certain time point 1 μl of 3-Mercaptopropanoic acid 
(100 mM, MPA) was added to the solution along with 10 μl of 0.2% SDS. The sample was then 
subjected to centrifugation and washed with millipore water 3 times before characterizing 
through SEM or TEM. 
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DNA-ENCODED MORPHOLOGICAL EVOLUTION OF BIMETALLIC PALLADIUM 
@GOLD (Pd@Au) CORE-SHELL NANOPARTICLES FROM A HIGH-INDEXED 
CORE 
Part of this chapter was published in “DNA-encoded morphological evolution of bimetallic 
Pd@Au core-shell nanoparticles from a high-indexed core” Satyavolu, N. S. R.; 
Pishevaresfahani, N.; Tan, L. H.; Lu, Y. Nano Research 2018, https://doi.org/10.1007/s12274-
018-2035-7. Copyright 2018, Springer Nature. 
4.1 Introduction: 
The synthesis of metal nanoparticles with different shapes and surface properties has been a 
major focus of research,1-4 as the resulting morphologies play a major role for applications in 
areas such as optics,5-11 catalysis12-16 and biomedicine.17-21 To control the morphologies of metal 
nanoparticles, most researchers employ different capping ligands, such as Cetyl Trimethyl 
Ammonium Bromide (CTAB), Polyvinylpyrrolidone (PVP) or halides22 as a key strategy.23 
These ligands play a significant part in providing colloidal stability as well as stabilizing specific 
facets of the final nanoparticles. Recognizing that DNA can be a special programmable ligand in 
assembly24-29 and nanoparticle synthesis, we and others have demonstrated that DNA can control 
morphologies of many metal nanoparticles with exceptional precision, and the resulting 
morphologies are highly dependent on different DNA sequences used.30-35 This unique DNA-
encoded approach to controlling nanoparticle morphologies stems from sequence-specific 
interactions of the DNA with metal surfaces. For example, we have recently reported the DNA 
mediated growth of bimetallic nanoparticle where a seed mediated co-reduction of palladium and 




and additional {110} and {111} sites constituting the edges and corners respectively. The 
presence of DNA specifically contributed to the nucleobase binding to the low co-ordination 
sites on the seed, i.e., the {110} and the {111} sites. The affinity of the different DNA sequences 
to these sites as well as to the metal precursors in the reaction environment play a key role in 
determining the mechanism of initial metal deposition and diffusion onto the seed.  
While the above studies have established that DNA can play a major role controlling the 
morphologies of different nanoparticles, all the studies reported so far involve seeds that contain 
low-indexed facets with exceptions of twinned surfaces; the presence of low- indexed facets 
made it possible for the DNA to bind to the metal surface of the seeds and influence the shell 
growth on the seed from the very initial phase. We wondered if DNA molecules with different 
sequences can still exert their influence on the surface of seeds that contain higher-energy sites, 
and if yes, what factors are crucial in doing so.  Answering the questions will provide much 
deeper insight into the roles of the ligand in fine-tuning morphologies of nanoparticles and 
expand the methodology of DNA-encoded nanoparticle growth to synthesize a wide variety of 
nanomaterials with diverse morphologies. To provide answers to the above questions and gain 
deeper insight into the mechanism of morphological control of bimetallic nanoparticles, we 
report herein DNA-mediated synthesis of nanoparticles, with a concave palladium cube seed of 
~75 nm as the core. When compared to a simple palladium nanocube, the as-synthesized concave 
cube has protruding edges and corners, presenting metal atoms that are highly unsaturated with 
respect to coordination.  By adopting the concave cube, we intended to test specifically if the 
presence of higher energy facets suppresses the effect of DNA in controlling the morphology of 
the final nanomaterials. We found that DNA molecules can still exert their influence on 




those observed in the synthesis where a simple palladium nanocube is used as a seed. A new 
scheme for the DNA controlled growth in presence of high-energy sites is proposed.  
4.2 Results and discussion: 
The concave palladium seeds were synthesized using a slightly modified protocol reported by 
Niu et. al36. Palldium nanocubes were used as seeds (Figure 4.1) and the co-reduction of 
palladium and copper precursor was performed to obtain a light blue colored solution of concave 
cubes (Figure 4.2). The absorption spectrum of this blue colloidal solution exhibited a broad 
peak in the near infrared (NIR) range with the absorbance maximum at ~730 nm (Figure 4.3). 
This seed is enclosed by protruding edges in the <110> and the <111> directions, but retains the 
six {100} facets on the core, as indicated by the SAED pattern in Figure 4.4 c. The extended 
edges and tips on the concave nanocube are energetically unstable, due to the smaller number of 
neighboring atoms as compared to those in a simple nanocube.37 This property becomes evident 
when the nanoparticle is aged, as the smoothening of the edges is observed with time (Figure 
4.5), accompanied by change in the color of the solution to a brownish-orange.  





Figure 4.2: SEM image of ~75 nm concave palladium seed. 
 








Figure 4.4: SEM images of a) Pd concave seed and b) the Pd@Au core-shell nanoparticles 
synthesized in the presence of DNA molecules (T10, G10, C10 and A10 sequences). Scale bars = 
100 nm. Insets represent the schematic representation of the nanoparticle shapes. c) TEM image 
of the Pd concave seed alongside the SAED (Selected Area Electron Diffraction) of the concave 











Figure 4.5: From a) to b); Aging of the concave palladium concave cube alongside the SEM 
images indicating the morphology transition with time. Freshly prepared solution  3 week old 





Gold precursor was reduced by hydroxyl amine and then deposited onto the palladium 
concave cubic seed in the presence of DNA molecules, each of which contains repeating units of 
10 nucleobases (referred to as A10, T10, C10, G10 hereafter). All the reactions were performed 
at room temperature and in water. The reduction of HAuCl4 was performed and the resultant 
morphologies in the presence of A10, T10, G10 and C10 were studied. The results obtained were 
indeed sequence dependent as observed by the SEM images (Figure 4.4 b). The presence of T10 
caused the formation of a gold shell with less deposition of gold along the {100} facet and more 
deposition in the <111> and <110> directions. The process of gold deposition in the presence of 
G10 and C10 was similar in that there was more visible deposition along the <111> direction. 
However, G10 has vertices that are rounded off while C10’s edges form octapods, with 
octahedron-like structures consisting of prominent {111} surfaces. Finally, A10 resulted in 
formation of a gold shell on the palladium seed with an overall rough surface. The formation of 
such unique structures from the same core often require careful and articulate tailoring of a 
variety of different conditions and reagents.38 In contrast, in the presence of different sequences 
of DNA, these different morphologies can be formed reproducibly in quantitative yield under the 
same condition.  
To confirm the elemental composition of the core-shell structures observed in Figure 4.4 
b, the nanoparticles were analyzed by STEM-EDS (Figure 4.6), which confirmed the presence of 
palladium in the core and gold in the shell. Interestingly, these images reveal that, for all the 
core-shell structures formed under this condition, the gold shell formed on the {100} facet of the 
Pd core (which is the lower surface energy (γ) facet) is thinner than the gold shell deposited onto 
the edges and vertices of the Pd core (which are the higher γ sites). The extent of the shell 




G10 and C10 bases shows a very prominent crater like feature in the <100> directions, similar to 
those observed in the seed). On the other hand, this feature is less prominent along the {100} 
facets in the presence of A10. The absorption spectra of all the particles had λmax values beyond 
700 nm and in the NIR range (Figure 4.7). Given the unique architecture and absorption spectra 
of the core-shell structures, we predicted that they can be used for Surface Enhanced Raman 
Spectroscopy (SERS). The structures did indeed show enhancement factors of the order of 107 in 
the spectra of 4-mercaptobenzenethiol (4-MBT, see Figure 4.8, ˚).  
 
Figure 4.6: Left: STEM images of each of the particles. Scale bars 100 nm. Right: Elemental 






Figure 4.7: Absorption spectra of the DNA-mediated nanoparticles. λmax values: A10 - 862 nm, 
T10 - 820 nm, G10 - 836 nm and C10 - 847 nm.  
4.2.1 SERS properties of the DNA-mediated Pd@Au nanoparticles: 
For each base, 6 samples (~100 μL each) under the optimal conditions were synthesized. The 
particles from the 6 samples were then concentrated to a final volume of 200 μL. To this 
concentrated colloidal solution 16 μL of 4-MBT (5 mM) and 40 μl SDS solution (0.2%) were 
added and vortexed gently overnight. The solutions were then used for the confocal Raman 
experiments. As a control, 0.1 M 4-MBT was prepared in 12 M NaOH. The solutions were 
placed in plastic holders (Volume capacity ~200 μL, caps of Eppendorf can also be used) and the 
confocal raman spectra were measured at 785 nm wavelength. 
The enhancement factors (EF) were calculated using the equation below: 
EF = (ISERS x Nnormal)/(Inormal x NSERS) 
N = No. of molecules of 4-MBT 
Nnormal = No. of molecules of 4-MBT in the control 




4-MBT has intense characteristic peaks at 1072 cm−1 denoting the phenyl ring-breathing mode, 
CH in-plane bending, and CS stretching, 1582 cm−1 denoting phenyl ring stretching motion and 
the peaks at 1184, 1377, 1486 and 1695 cm-1 correspond to the in-plane phenyl ring vibrations 
(Figure 4.8). 
 
Figure 4.8: SERS spectra of 4-MBT functionalized on the DNA-mediated nanoparticles and 








Table 4.1: SERS enhancement factors corresponding to each morphology of the Pd@Au 
obtained. 
4.2.2 Kinetic study of DNA-mediated growth of Pd@Au core-shell nanoparticles: 
Given the different core-shell structures observed in the presence of different DNA 
sequences in Figures 1 and 2, we investigated the kinetics of the gold shell formation via 
absorption spectroscopy where absorption changes associated with the gold shell growth were 
monitored in-situ. Since it is established that the absorbance of the surface plasmon peak is 
directly related to the volume fraction of the nanoparticles grown as a function of time, 
absorption spectroscopy can provide us with useful information about the evolution of the 
nanoparticle structure.39 The growth of Au shell on the Pd concave cube seed showed an increase 
in the absorbance in the NIR region involving continuous shifts in λmax wavelengths, initially a 
red shift, followed by a blue shift, in the presence of all DNA sequences (Figure 4.9). These 
shifts in the wavelengths can be attributed to the coupling of the Surface Plasmon Resonance 
(SPR) of Pd concave cube (λmax = 730 nm) with that of the Au shell, resulting in the final 
particles having an SPR in the NIR region. In our previous system where the simple palladium 
cube (SPR ~400 nm) was used as the seed, the emergence of the plasmonic peak (due to the gold 
deposition) was observed but did not exhibit any plasmonic coupling and hence no shift in the 
λmax with time was observed. Notably, in the current concave system, the extent of red shift was 
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the least for the T10-mediated particles (final λmax = 820 nm) and the most for the A10-mediated 
nanoparticles (final λmax = 862 nm), with the G10 and C10 particles (λmax = 836 nm and 847 nm, 
respectively) in between (Figure 4.7).  
Figure 4.9: Kinetic absorption spectra of nanoparticle growth in the presence of different 








Figure 4.10: The plot of absorbance vs time at the λmax values for each morphology; the plot of 
integrated area under the absorption spectra between 500 to 1000 nm vs time for each 
morphology. 











Table 4.2: Kinetic parameters obtained from the KJMA model fit of the kinetic curves.  
 In addition to the main SPR peak in the NIR region, a shoulder peak ~550 nm is present 
in the as-synthesized nanoparticle structures, indicating the inherent anisotropicity of the core-
shell particles.7 The shoulder peak is less prominent for the A10-mediated particles as compared 
to the spectral profiles of the particles synthesized with T10, G10 and C10, which is in good 
agreement with the absence of the prominent crater like feature along the <100> direction in the 
A10 mediated particles. To better analyze the kinetic growth profiles, the absorbance values at 
the final λmax in the NIR region were plotted against time (Figure 4.10). Since the absorbance of 
the particles is sensitive to the morphology at a given time, the extinction coefficient changes as 
the particles grow in solution. The plots of absorbance at λmax against time revealed an 
exponential growth curve in the presence of T10, G10 and C10, but a sigmoidal growth curve in 
the presence of A10. Considering that the system involved plasmonic coupling between the Pd 
core and the Au shell that resulted in the continuous shift of the λmax peak during the growth, we 
integrated the area under the curves between 500 nm to 1000 nm and plotted against time (Figure 
4.10). The profiles showed the same trend, corroborating our initial analysis of time trace of 
absorbance at λmax. The rate of increase in absorbance was the highest in the case of T10-
mediated growth and lowest in the case of A10-mediated growth. The growth curves started to 
 k n Statistics 






A10 0.10782 6.87881E-4 2.95529 0.07602 0.99843 
T10 0.15911 0.00277 1.3265 0.04244 0.99374 
G10 0.11989 0.00129 1.45222 0.03343 0.99618 






level off at ~ 25 min into the growth process, even though the same amount of reductant was 
used.35 In comparison, the growth process for the simple cubic system took more than 1 hr to 
reach completion. The faster rate in the current concave seed system can be attributed to the 
higher precursor (Au) concentration and the high-γ sites on the current seed. The curves were fit 
by adopting the widely used KJMA (Kolmogorov−Johnson−Mehl− Avrami) model39-42 (Figure 
4.11), which helped obtain kinetic parameters for the growth in the presence of all the bases 
(Table 4.2). For the bases that direct the exponential growth mechanism, the order of rate of 
increase in absorbance observed was T10>G10>C10.  A10 showed a sigmoidal curve, indicating 
the aggregative growth mechanism.43, 44 No change in absorbance was observed in the first 3-4 
min, probably due to the formation of smaller nanocrystallites stabilized by A10, as a result of 
Ostwald ripening before depositing onto the concave seeds.  
To be able to correlate the morphology to the absorption spectral changes, we then 
obtained time-dependent SEM images of these nanoparticles by arresting the growth of the 
nanoparticles at different stages. The morphological evolution was studied by quenching the 
reaction at different time points with excess mercaptopropanoic acid (MPA), which is known to 
bind to the gold precursor and prevent further metal precursor reduction and hence deposition 
onto the seed.45 On analyzing the images of the initial time points of the Au deposition on the Pd 
concave cube, the nucleation events on the Pd concave cube were very similar in the presence of 
different DNA sequences (Figure 4.12).  
The formation of small Au islands on the Pd core is also similar in the presence of all the 
four bases, but the deposition profiles after the Au island formation are markedly different 
between the particles grown in the presence of A10 and those in presence of T10, G10 and C10. 




the <100> direction in the presence of T10, G10 and C10. The A10-mediated growth, on the 
other hand, shows an almost even Au deposition profile on all the facets of the concave Pd cube, 
explaining the absence of the deep crater along the <100> direction in the final particles. The 
intermediate particle morphologies in the presence of T10, G10 and C10 between 0-10 min look 
almost indistinguishable. Beyond the 14 min mark, distinct features of each morphology start to 
appear, including the rounding of vertices in the presence of G10 and the formation of the {111} 
surfaces in the presence of C10.    
Figure 4.12: SEM images of the nanoparticle growth quenched at different time points. Time 
points were chosen to represent the morphology evolution in the presence of each of the DNA 
sequence. Scale bars = 100 nm. 
It is known that the surface energies of different facets of the concave cube are different, 
with the site protruding in the <111> direction having the highest energy, followed by the site 
protruding in the <110> direction, and then the site in the {100} facet with the lowest energy 
(Figure 4.13). Regions on the surface of the seed that have uncoordinated atoms decreases the 
energy barrier for nucleation events.46, 47 The difference in surface energies can be probed by 
growing the Au shell in the absence of any capping agent, as the growth of the shell would be 




precursor and the reductant, apart from the formation of aggregated nanoparticles due to the lack 
of a stabilizing agent, we noticed some separate particle clusters whose seed edges and corners 
were covered with a gold shell (Figure 4.14). Among these separate clusters, the indentation 
along the <100> direction was observed, indicating that the area lacks Au deposition in this 
lowest surface energy direction (Figure 4.14). Furthermore, the deposition along the <111> 
direction is almost always greater than the Au deposition along the <110> direction (Figure 
4.14), implying that the γ is in the order of {100} < {110} < {111}. Based on the time-dependent 
SEM study, we present a 2-D atomic model scheme, similar to the one proposed by Xia and 
coworkers,48 to describe the mechanism of the DNA-mediated Au nanoparticle deposition onto 
Pd concave seed (Figure 4.13). In this 2-D atomic model, we chose the atomic plane that 
contains all the sites that participate in the growth, i.e., the plane cutting across the concave 
structure passing through two opposite protruding edges in the <110> direction, diagonally 
across two {100} facets and containing 4 corners protruding in the <111> direction. 
T10 is known to have a low affinity to metal surfaces, due to the lack of functional 
groups in the thymine base that are capable of binding to metal atoms.49 Therefore, this sequence 
mostly contributes to the colloidal stability of the nanoparticles, and allows the deposition of 
metal atoms to take place in a way that is dictated by the surface energies of the Pd concave seed, 
as observed in the previous system.35 While there is visible deposition along the {100} facet of 
the concave cube, the deposition is dominated on the edges and vertices. As deposition moves 
away from the center of the {100} facet to the edge, the amount of Au shell increases. The Au 
atoms deposited on the edges and corners are accommodated in sites around the {100} facet. In 
the STEM images (Figure 4.6), the T10 mediated particles distinctly have higher deposition of 




sequences. This deposition pattern is consistent with what we observed in the control sample that 
lacks a capping ligand (Figure 4.15). The control, however, lacks colloidal stability, while the 
T10 helps provide that stability during the growth. In the kinetic study, the island like growth 
transitions into a smooth surface close to 7 min into the growth, with the deposition mostly along 
the <111> direction. The rate of deposition of Au atoms overpowers the rate of diffusion 
(Vdeposition >> Vdiffusion) and thus a thick shell is formed, mostly confined to the periphery (Figure 
4.13). When correlated to the kinetic absorption spectrum, the rough deposition of metal during 
the initial time points promotes a red shift of the λmax value (close to 2 min due to an increased 
number of surface features) and the smoothening (beyond 4 mins) of the surface promotes a blue 
shift (Figure 4.15).50 Beyond 7 min the emergence of secondary peak at 550 nm becomes clear 
indicating structural anisotropy.  
Figure 4.13: Proposed Mechanism of Growth of Pd@Au Core-Shell Nanostructures Influenced 
by Different Sequences of DNA. The atomic models represent the cross-section of the 3-D 





Figure 4.14: Nanoparticles grown in the absence of DNA. Most of the sample remains 






Figure 4.15: Time-based absorption spectra of Pd@Au core-shell nanoparticles grown in the 
presence of T10. Shown alongside is the corresponding morphology transition of the 
nanoparticles at those particular times. 
Figure 4.16: Time-based absorption spectra of Pd@Au core-shell nanoparticles grown in the 
presence of G10. Shown alongside is the corresponding morphology transition of the 




Figure 4.17: CD of particles in the presence of G10. All three samples had the same 
concentration of G10 as the growth conditions. The signals obtained do not indicate the 
formation of any secondary structure but rather just the formation of random coil DNA. 
When comparing the shape evolution mediated by T10 and G10, there is some amount of 
resemblance. The subtle difference between the two final shapes is the well-rounded corners 
formed in the presence of G10, which is essentially missing in the case of T10. The rounded 
corners of the shell mediated by G10 are separated by less deposition on the edges (<110> 
direction), and even less along the <100> direction. The metal binding capability of G10 is 
higher than that of T10, via the carbonyl and the exocyclic amine group. Initial deposition on the 
seed can be observed on all sites of the concave seed, just like in T10. As time proceeds, the 
deposition in the <111> direction becomes more prominent due to γ effects, over the deposition 
on the edges protruding in the <110> direction, hence forming thicker rounded corners. Since the 
Vdeposition>Vdiffusion the thickness of the shell along the {100} facet is the least (Scheme 1). 




growth, and this transition can be observed even in the absorption spectra where the red to blue 
shift starts occurring around the 7th min (Figure 4.16). Additionally, circular dichroism (CD) did 
not reveal any significant peak, indicating the absence of secondary structure formation by G10 
in contrast to the previous cubic core system (Figure 4.17). We hypothesized that the absence of 
Pd precursor may be a reason for the absence of secondary structure and we observed that the 
CD spectra with both Au and Pd precursor co-reduction showed a significant change in the CD 
feature (Figure 4.17).  
The presence of C10 forms octapod like structures. The chemical structure of the cytosine 
base also enables metal binding via functional groups such as amine. Similar to G10, the C10-
mediated structures have lower thickness in the <110> direction and higher thickness in the 
<111> direction. Again, clearly the Vdeposition>Vdiffusion rendering the formation of an asymmetric 
structure. The most interesting feature is the octahedral-like corners stabilized by the C10 
sequence. The {111} facets are distinctly visible and are formed on all 8 corners of the 
nanoparticle structure. The deposition along the <111> direction is the highest and the C10 
sequence that exists in solution tends to stabilize the {111} facet, resulting in the formation of 
octahedral structures at these sites (Figure 4.13). The process of {111} facet stabilization is 
evident close to the 14th min in the kinetic stabilization study and the clear emergence of the 
secondary peak (Figure 4.18).  The blue shift in the kinetic absorption spectra starts to occur at 
around 10 mins. This blue shift takes place later in the growth as compared to the growth in the 
presence of T10 and G10. We also noticed that some structures occasionally also show 
overgrowth along the <110> direction (Figure 4.19), where there are octahedral like features 
along the edges, due to the overgrowth of the shell. The stabilization of the {111} surfaces by the 




prism,34 Au nanorod.33or Pd cubic seeds,35 where the final structures controlled by the cytosine 
containing sequence are enclosed by {111} facets.  
Figure 4.18: Time-based absorption spectra of Pd@Au core-shell nanoparticles grown in the 
presence of C10. Shown alongside is the corresponding morphology transition of the 
nanoparticles at those particular times. 





  Finally, In the presence of A10, there exists the dominance of aggregative growth 
mechanism which was also observed with the simple cubic core system35 where the overall 
reaction rate was much slower. In the current system, the aggregative growth mechanism renders 
the least deposition within 2 min as compared to the other bases. This was also supported by the 
HR-TEM of the 2 min sample, which showed a number of smaller nano-crystallites around the 
seed (Figure 4.20). The particles were washed a minimum of 3 times before subjecting to TEM 
analysis to avoid any precursor reduction in presence of the electron beam. It is clear that the 
deposition of the smaller nano-crystallites after Oswald’s ripening is influenced by the surface 
energy (γ) of the concave seed’s edges and vertices, i.e. the sites protruding in the <111> and 
<110> directions. The A10 oligonucleotide binds to these sites of high γ, as well as the precursor 
in the reaction solution, thus lowers their corresponding energy. Therefore, the deposition takes 
place in the <111> and <110> directions and along the {100} facet. Even though the surface 
energy of the edges and the corners is lowered, the {100} facet still remains lower in energy, 
accounting for the formation of a slightly less thick shell in the <100> direction of the particle 
(Scheme 1). The rough surface of the nanoparticles, we hypothesize, can be due to two reasons; 
1) since A10 binds to the precursor to form smaller nanoparticles, these nano-crystallites deposit 
on the seed’s surface as is; 2) As observed in a previous system of gold deposition on gold seed 
in the presence of A30,34 the rough surface is formed due to the low mobility of the adenine on 
the gold surface, thereby allowing the Au deposition to occur in areas that are devoid of the DNA 
strands. After the initial nucleation event of gold on the concave seed’s surface, the A10 
sequences in solution are able to interact with the deposited gold, essentially making it a gold on 
gold deposition thereafter. In the current system, the overall faster deposition rate of the small 




Figure 4.20: TEM images of the 2 min growth in the presence of A10. Smaller and slightly larger 
nanocrystallites can be seen near the Palladium seed.  
The kinetic studies have provided important information about the growth processes in 
the presence of the different DNA sequences. The Vdeposition is almost always greater than the 
Vdiffusion and this is largely dependent on the seed’s surface energy and hence the growth is a 
highly deposition-dominated process. The extent to which Vdeposition is greater than Vdiffusion 
depends on the DNA sequence used. The nucleation kinetics are much faster if the seed presents 
high-indexed or defect surfaces.51 When the amount of HAuCl4 in the growth solution was kept 
low (~1.2 mM), among the four structures that were obtained, the growth in the presence of A10 
was unique in that it formed a rough coat of gold over the concave seed, while the other three 
bases showed very similar morphologies (Figure 4.21). The initial growth process is mostly 
dominated by the seed surface energies to make final morphologies indistinguishable and 
independent of which base is used in the growth (T10, G10 and C10). A10, however is an 
exception, due to its high binding affinity to the seed and precursor. The effect of A10-mediated 
growth is distinctly visible even in the presence of a lower amount of precursor through the 




edges and vertices of the seed in presence of all the bases. In contrast, the previous study using 
simple Pd cubic seed showed that the shell deposition was completely site specific on the seed 
depending on the DNA sequence used. With respect to the other DNA sequences, different 
morphologies arise only after further reduction of gold. The high surface energy (γ) of the edges 
and the vertices of the concave seed have more influence on the deposition of gold on to these 
sites than the sites with lower γ. After the initial deposition of gold on the seed to form a shell, 
the growth beyond that point can be treated as the formation of the shell on a core with surfaces 
that now have comparatively lower γ than the naked concave Pd seed. It is known that the 
affinity of the DNA bases to gold takes the order of A > C ≥ G > T52 and essentially, the current 
condition can clearly differentiate between the effect of high binding affinity ligands such as A10 
from the effect of low or medium binding affinity DNA (T10, G10 and C10) which is 
predominant during the later stage of the Au shell growth on the concave seed to form 
asymmetric structures.  
Furthermore, on studying the absorption spectra of the particles formed by the reduction 
of lower concentration of HAuCl4 (~1.2 mM), we found that only the λmax value of the 
absorption spectrum for the A10-mediated particles was unique in comparison to that of T10, 
G10 and C10-mediated particles, whose spectra were very similar (Figure 4.22). It is essential to 
note that the lower concentration of HAuCl4 is equivalent to the concentration used in the simple 
cubic system.35 An important observation is the absence of the shoulder peak in almost all of the 
spectra. This observation suggests that the anisotropicity of the particles increases on further 
reduction of HAuCl4 mediated by the DNA. The kinetic study of particle growth in presence of 




higher HAuCl4 concentration (~3.6 mM). A sigmoidal kinetic curve was observed in presence of 
A10 and an exponential growth curve was observed in the presence of T10 (Figure 4.23).  
 
Figure 4.21: SEM images of Pd@Au core-shell nanoparticles grown in the presence of A10, 
T10, G10 and C10 with low amounts of Gold precursor (HAuCl4 ~1.2 mM). The morphologies 







Figure 4.22: Absorption spectra of the DNA-mediated nanoparticles with low concentration of 
HAuCl4 (~1.2 mM). 
 Figure 4.23: Plot of absorbance values at λmax vs time of the A10 and T10-mediated 





4.2.3 Comparison of DNA-mediated growth of Au shell onto cubic core and concave cubic 
core: 
It is well known that metal nanoparticle synthesis involves many interdependent factors 
that affect the final morphology. It is hence important to decouple parameters of growth in order 
to better understand existing nanoparticle growth systems. In a typical seed mediated 
nanoparticle synthesis, among the key factors that are taken into consideration, the characteristics 
of the seed are vital.53-55 Generally, in growth systems that involves hetero phases and high-
indexed seeds, the growth of the hetero phase is heavily influenced by the seed due to higher 
surface energies and often proceeds in a conformal manner.56-59 A comparison between the 
simple cubic and the concave cubic core Pd seeds reveal differences in the DNA-mediated 
growth on Au shell. 1) In the simple cubic seed (SPR ~400 nm), the emergence of the plasmonic 
peak (due to Au deposition) did not exhibit any shift in the λmax, while the concave cube (SPR 
~700nm) showed a shift in λmax, suggesting SPR coupling between the Pd seed and the 
depositing Au in the latter system, but not the former. The absorption spectra of the simple cubic 
system has a narrow window that fails to couple with the emerging absorption of the depositing 
shell around ~ 600 nm. In case of the concave cubic system which has a broad absorption 
spanning the visible and the NIR range that readily shows plasmonic coupling with the 
depositing gold; 2) The growth rate is faster using Pd concave cube as the seed (~35 min) than 
when using the Pd cube as the seed (> 1 h), even though the growth solution contains equal 
amounts of reductant. It should be noted, however, that decreasing the precursor concentration 
slowed the reaction down slightly but the overall growth process is consistently faster than the 
system with the simple cubic core, indicating that the concave seed allows faster nucleation of 




of the growth, where the DNA sequences controlled the deposition by surface passivation in a 
sequence dependent manner; in contrast, the initial growth in the concave cube core is heavily 
dictated by the seed’s surface energy. Despite the differences, the aggregative growth mechanism 
in the presence of A10 is similar in both systems, in the absorbance vs time kinetic profiles, the 
rise in absorbance takes place in ~5 min for the concave cube vs the ~10 min in the presence of 
the simple cube, in agreement with the increased growth rate. These subtle but important 
differences strongly suggest that the interactions between the DNA molecules and different 
seeds, that have different properties, play an important role in determining the growth parameters 
and have substantial influence on the final nanoparticle morphologies.  
4.3 Conclusions: 
In this study, we have demonstrated that, even in the presence of a seed with high energy-
indexed facets like concave nanocube, DNA can still direct the seed-mediated synthesis of 
bimetallic nanoparticles, resulting in four architecturally disparate Pd@Au core-shell structures 
in the presence of 10-mer sequences of adenine, thymine, guanine and cytosine. Based on 
detailed spectroscopic and SEM studies of time-dependent growth of the bimetallic 
nanoparticles, we have discovered the following general principles when DNA sequences matter 
even when the seed contains high-energy facets. 1) Each sequence has a unique way of 
interacting with both the seed’s surface and the precursor, given the disparate chemical 
functionalities that the DNA bases have. Among them, the most important factor is the binding 
affinity of the base. A10 for example, has the highest binding affinity and was capable of 
stabilizing the seed’s high energy surfaces. Hence, A10 still induced an aggregative growth 
mechanism; 2) For bases with lower or medium binding affinity (T10, G10 and C10), the initial 




bases proceeds in a manner where the Vdeposition is always greater than the Vdiffusion; 3) The effect 
of low or medium binding affinity DNA can be observed after further reduction of metal onto the 
concave seed i.e. the effect of DNA comes into play after the initial passivation of the low co-
ordination, high-energy sites on the seed. Essentially, to obtain disparate core-shell morphologies 
for a given seed in a DNA-mediated synthesis, the precursor investment for a given DNA 
concentration and each synthesis changes depending on the seed’s characteristics. This study has 
provided insights into factors governing growth of core-shell structures using seeds with high-
energy indexes, and the insights can readily be applied to other bimetallic systems. 
4.4 Experimental section: 
4.4.1 Materials:  
All of the chemical reagents were used without further purification. Palladium (II) chloride 
(PdCl2, 60% Pd basis), hydrogen tetrachloroaurate (III) hydrate (HAuCl4.xH20, 99.9%), 
cetyltrimethylammonium bromide (CTAB, >= 99%), L-ascorbic acid (>= 99%), sodium iodide 
(NaI, 99.5%), hydrochloric acid (HCl, 37%), sodium hydroxide (NaOH, 99.99% trace metal 
basis) and hydroxylamine hydrochloride (NH2OH.HCl, 99.999% trace metal basis) were 
purchased from Sigma-Aldrich. Deionized water (18.2 MΩ) was used in all procedures. All 
oligonucleotides used in this study were purchased from Integrated DNA Technologies 
(Coralville, IA). 
4.4.2 Instrumentation and characterization: 
Samples were washed several times (at least three times) with DI water before preparing samples 
for SEM, TEM, and energy-dispersive X-ray spectroscopy (EDX) spectroscopy. For TEM, 4.0 
μL of diluted particle solution were drop-casted onto carbon-coated copper grids, which were 




TEM and JEOL 2010F EF-FEG accompanied by an EDX attachment, both operated at 200 kV. 
Samples for SEM were prepared by placing a 2.5 μL droplet on a silicon wafer and allowing it to 
dry. SEM was performed using a Hitachi S4800 SEM. A Bruker D8 Venture (DUO) 
diffractometer was used to obtain the powder XRD patterns. Samples for XRD were prepared 
lyophilizing concentrated solutions of nanoparticles. The UV−Vis spectroscopy was performed 
on an HP 8453 UV−vis spectrophotometer. Images were edited using ImageJ software. Circular 
dichroism (CD) experiments were carried out with a Jasco J-810 spectropolarimeter equipped 
with a Julabo temperature controller. PerkinElmer - SCIEX ELAN DRCe ICP-MS was used to 
perform ICP-MS on the seed solutions. Confocal Raman experiments were performed on the 
high-resolution research-grade Horiba LabRAM HR 3D-capable Raman spectroscopy imaging 
system. 
4.4.3 Synthesis of ~22 nm cubic Pd NC substrates:  
Pd NCs were synthesized by following a previously reported protocol.60 Diluted HCl is added to 
PdCl2 (in 2:1 ratio) to produce a 10 mM H2PdCl4 solution. Briefly, a vial containing CTAB (45.6 
mg) and 10 mL of deionized water was sonicated until the CTAB was completely dissolved. Pd 
precursor (0.500 mL of 0.01 M H2PdCl4) was added to the solution, and a bright orange color 
was produced indicating the formation of the precursor complex with CTAB. The solution was 
then heated for 5 min at 95 °C with stirring (∼600 rpm), after which 0.080 mL of 0.1 M ascorbic 
acid was added to the vial. The solution was left to heat for an additional 15-20 min at 95 °C 
with stirring to form a clear brown colored solution indicating the formation of the NC 






4.4.4 Synthesis of Pd concave cube substrates:   
Pd NCs were synthesized by following a previously reported protocol with modifications.36 
Briefly, CTAB (182.24 mg) was dissolved in 5 mL of Millipore water and transferred to a 15 mL 
tube. To this solution, 100 μL of 1 mM CuSO4 solution was added and mixed gently.  This 
solution was placed in a water bath maintained at 40 °C. To this solution, H2PdCl4 (0.125 mL of 
0.01 M H2PdCl4) was added and mixed. The previously prepared 22 nm Pd cube seed solution 
(75 μL) was then added to the above solution and mixed. Finally, ascorbic acid (150 μL, 0.1 M) 
was then added to the solution and the reaction contents were mixed gently and then kept at 40 
°C. The reaction was left to remain still for 12 h until the reaction was complete. Typically, a 
blue colored solution shall result at the end of the reaction. These particles were then used for the 
DNA-mediated synthesis. 
4.4.5 DNA-mediated synthesis of Pd@Au bimetallic nanocrystals:  
Typically, the concave cube solution was first washed close to 3 times by centrifugation (8 krpm 
for 5 min) to remove the existing CTAB as much as possible. The washed solution was then 
diluted to have an absorbance of 0.3 at around 700 nm (concentration ∼4.8 ppm Pd as 
determined by ICP-MS). Then, 100 μL of the diluted solution were incubated in oligomeric 
sequences of DNA for around 15 min (A10, T10, G10, and C10). 1 μL of ~1 mM DNA stock 
solutions were added to the absorbance adjusted particles. 200 mM NH2OH·HCl solution was 
adjusted to pH 5 by using a conc. solution of NaOH. 0.6 μL of this pH adjusted solution was then 
added to the DNA incubated cubes and then 2 μL or 6 μL of 5 mM HAuCl4 was added 
depending upon whether a low or high concentration of precursor is being used for the study, 





4.4.6 Kinetic absorption studies:  
The change in the absorption spectra of the nanoparticles during the growth was monitored by 
performing the experiments in a quartz cuvette itself. The working volumes for all the samples 
were kept the same as when the nanoparticle growth was performed in an Eppendorf tube.   
4.4.7 Kinetic SEM studies:  
In order to arrest the growth of a sample at a certain time point, 1 μL of 3-mercaptopropanoic 
acid (100 mM, MPA) was added to the solution along with 10 μL of 0.2% SDS. The sample was 
then subjected to centrifugation and washed with Millipore water 3 times before characterizing 
using SEM or TEM. 
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ACTIVATABLE DNA APTAMER PROBES FOR SELECTIVE IN-VIVO 
PHOTOACOUSTIC IMAGING 
5.1 Introduction: 
The photoacoustic effect is the production of acoustic waves by a material that is irradiated by a 
focused flickering (pulsed) light, given that the material sample has the ability to absorb at that 
particular wavelength. Photoacoustic imaging (PAI) is a technique that takes advantage of this 
effect. In a typical PAI set-up, first the absorbing material is irradiated with a pulsed laser, which 
on absorbing the light undergoes a localized thermal expansion which subsequently produces 
pressure/sound waves that can be detected with an ultrasound detector (Figure 5.1). PAI has 
gained importance as an imaging modality due to its unique ability of scaling spatial resolution 
and imaging depth across both optical and ultrasonic dimensions. The technique takes advantage 
of the high contrast of the former and the deep penetration depth of the later.1, 2  Compared to 
other clinical modalities such as MRI or X-ray tomography, PAI is faster as well as cheaper. The 
simplicity of the principle of photo acoustic imaging gives us access to many contrast agents that 
can be employed for the technique ranging from small molecule dyes to plasmonic 
nanomaterials.3-7 In principle any molecule or material that has the ability to absorb around a 
specific wavelength of light has the ability to convert the absorbed light to acoustic waves when 
excited at that particular wavelength. Given that certain biological molecules such as heme 
proteins have a strong absorption in the visible region, label-free photoacoustic detection of 
biological events have been carried out.8, 9 By tuning the absorption/excitation wavelength of the 
probe, the corresponding penetration depth into tissue or an in vivo sample can be altered. 




PAI to be utilized to its full potential. Most contrast agents lack selectivity to their target. While 
recent literature report some selective contrast agents,10-12 most of them lack generality in the 
way they have been generated, i.e., methods successful in developing PAI contrast agents for one 
target can rarely be applied to another target. This limitation is especially apparent when 
designing contrast agents that are selective for small molecular metabolites or biomarkers, where 
it has been difficult to use other methods, including antibodies for target detection. Detecting 
smaller metabolites or biomarkers has become increasingly important to understand the working 
mechanisms of complex biological systems. But we currently lack general methods for 
generating PAI agents for important small molecular targets. In addition, many of the known PAI 
contrast agents are not water soluble or biocompatible. 
Figure 5.1: Schematic representation of the working steps involved in photoacoustic imaging. 
 While designing molecules that contain highly selective recognition motifs or units from 
scratch can prove to be an arduous task, the synthesis of such moieties is far more labor 
intensive. On the contrary, functional DNA (fDNA) based recognition units such as DNAzymes 
or aptamers are not only easy to synthesize but also highly selective to their targets that range 




Aptamers have the ability to selectively bind to both small molecule biological analytes as well 
as much larger proteins. On the other hand, DNAzymes function only in the presence of certain 
metal co-factors which allows them to be developed into metal specific sensors. Functional DNA 
is selected through a very general approach known as in-vitro selection, which has led to the 
discovery of many target specific DNAzymes and aptamers.13, 14 In-vitro selection enables 
selecting aptamers for new targets straight forward, conditions of the selection process can be 
tuned to obtain aptamers with affinities that are in the nM range or in concentration ranges that 
are clinically relevant. Additionally, DNA can be easily modified with various functional groups 
that allows them to be easily functionalized onto several materials, such as gold nanoparticles. 
Moreover, tagging DNA strands with any dye is synthetically simple due to improved solid 
phase synthetic techniques making this a universal approach. Further, simple conjugation 
chemistries can be performed to functionalize DNA mediated metal nanoparticles with 
functional DNA molecules. We therefore wanted to employ fDNA to develop a new generation 
of biocompatible PAI agents with both high contrast and selectivity that can be applied to detect 
and image a broad range of targets, especially small molecular metabolites and biomarkers that 
have been conventionally very difficult to detect.  
For the current study, we chose Platelet-derived growth factor (PDGF) as our target of 
detection, specifically the heterodimer of the B-chain protein analogue (PDGF-BB). There is 
merit in detecting PDGF-BB as it is involved in several biological functions including wound 
healing, embryonic development and overexpression may indicate the mitogenic stimulation in 






5.2 Results and discussion: 
Several DNA based aptamers have been selected to bind PDGF-BB with high affinity.17 
Two DNA aptamer sequences, referred to as OA (32 base pair ssDNA) and 41t (41 base pair 
ssDNA) hereafter were chosen based on reports in literature that have utilized them for 
successful PDGF-BB binding.18-21 In order to develop a sensor we needed a probe that was stable 
at body temperature (37˚C) and would trigger a response only in the presence of the target. We 
then wanted to test if the two sequences we chose were capable of “structure switching”. A 
structure switching construct consists of the single stranded aptamer that is in part hybridized to 
a complimentary strand which stay intact until the construct encounters the target of interest. The 
binding of the aptamer to the target triggers the dehybridization of the complimentary sequence. 
Tagging the aptamer and the compliment with a fluorophore and a quencher respectively can 
elicit a fluorescent response in the event of target binding.  
Table 5.1: Summary of the probe sequences tested via EMSA for selective binding to PDGF-BB. 





We tested and optimized the structure switching capability of the two aptamers by 
blocking one side of the sequences with complimentary strands of different lengths. We then ran 
EMSA (Electro Mobility Shift Assay) with different concentrations of PDGF-BB to test the 
efficiency of structure switching on target binding. While both the aptamers were capable of 
structure switching in presence of the protein, we wanted to choose a probe which was stable at 
37˚C i.e. possess a melting temperature above 37˚C at the very least. The melting temperatures 
and the stability of the probe can be determined by length of the complimentary strand. Table 5.1 
shows the DNA aptamer sequences with partially complimentary strands of different lengths 
with the respective melting temperatures that were subjected to EMSA. All the probes were 
incubated with the target at 37˚C for 1 h and then run on a 12% native PAGE gel for EMSA 
analysis. The DNA probe (aptamer with compliment complex) concentration was fixed at 300 
nM. In the case of aptamer complex OA+OA-5C0, no band representing the PDGF-BB-aptamer 
adduct formation was visible (Figure 5.2). Further, OA+OA-5C1 and OA+OA-5C2 probes 
showed a band in the high molecular weight region indicating successful structure switching. 
However, for these two probes the molecular weight difference between just the aptamer 
sequence and the probe complex was not resolvable on the native gel. This may indicate that the 
OA+OA-5C1 and OA+OA-5C2 may have been unstable at 37˚C which consequently 
dehybridized the probes irrespective of the PDGF-BB binding event. On the other hand, all the 
probes involving 41t (41t + 41t-3C1, 41t + 41t-3C2, 41t + 41t-3C3 and 41t + 41t-3C4) showed the 
high molecular weight band corresponding to the aptamer binding to the protein on increasing 
the PDGF-BB concentration (Figure 5.3). For each of these probes the molecular weight 
difference between just the aptamer and the aptamer probe complex was resolvable by PAGE gel 




concentration dependent gel shift and computed melting temperatures, we decided that the 41t + 
41t-3C2 probe would be ideal for sensor design and optimization. We did not test the OA probes 
for sensing due to the observed instability of the structure switching systems at higher 
temperatures 37˚C.  
Figure 5.2: 12% PAGE gels stained with ethidium bromide (EB) representing the EMSA 
analysis for aptamer (OA) probe binding to PDGF-BB. Concentration of probe complex in each 
case was fixed at 300 nM. Lane with multiple bands (11 bands) is the DNA ladder. Lane 
indicated by OA is the lane with aptamer only (without compliment). The total PDGF-BB 
concentration was changed from 0 nM, 100 nM, 200 nM, 300 nM to finally 600 nM indicated by 





Figure 5.3: 12% PAGE gels stained with ethidium bromide (EB) representing the EMSA 
analysis for aptamer (41t) probe binding to PDGF-BB. Concentration of probe complex in each 
case was fixed at 300 nM. Lane with multiple bands (11 bands) is the DNA ladder. Lane 
indicated by 41t is the lane with aptamer only (without compliment). The total PDGF-BB 
concentration was changed from 0 nM, 100 nM, 200 nM, 300 nM to finally 600 nM indicated by 





In order to make a fluorescent sensor, the 41t aptamer sequence was tagged with a 
quencher (DABCYL) on the 3′ end and the complimentary strand (41t-3C2) with a fluorophore 
(FAM) on the 5′ end. In the presence of PDGF-BB the structure switching event should spatially 
separate the fluorophore and the quencher thereby producing a fluorescent signal. We observed a 
PDGF-BB concentration dependent increase in the fluorescent signal (Figure 5.4 a, b). The probe 
showed a ~3-fold recovery of the fluorescence signal. Additionally, the probe was highly 
selective to PDGF-BB as compared to other proteins (Figure 5.4 c). To be able to convert this 
probe to a PAI sensor, it was important that the PDF-BB binding event induced a change in the 
absorbance of the probe. The fluorescent tags needed to be chosen carefully in order to meet this 
requirement. The fluorescent dye IR-800 and the quencher QC-1 undergo contact quenching, i.e. 
they form a complex when there are in proximity. The complex formation introduces a new peak 
of absorption at 719 nm (Figure 5.5 a). This peak is absent when the two dyes are spatially 
separated. It is also worth noting that IR-800 emits a weak fluorescent signal and thus the non-
radiative decay of the excited state enhances the acoustic signal emitted upon photoexcitation. 
The sequence 41t was tagged with IR-800 CW, due to its higher extinction coefficient compared 
to the quencher QC-1, and the complimentary strand 41t-3C2 was tagged with QC-1. The probe 
was then tested to measure the fluorescence recovery on increasing the PDGF-BB concentration. 
Given the inherently low fluorescence emission signal of IR-800, the probe did not show an ideal 
turn on behavior (Figure 5.5 b). Another plausible reason, was probably the further increase in 
the melting temperature of the probe due to the added interaction between the fluorophore and 
the quencher. We therefore used higher concentration of the probe and the corresponding protein 
the probe was incubated with. In order to take into account the interaction between IR-800 and 




tagged probe, 41t + 41t-3C3 was responsive in the presence of PDGF-BB and showed a ~2.5 fold 
recovery in fluorescence (Figure 5.6 a, b). The selectivity also was confirmed with other 
proteins. When 100× excess of the non-target proteins were used for the assay, the probe though 
selective gave some non-specific signal, especially from BSA. A 10× excess of the non-target 
proteins showed improved the overall selectivity of the probe (Figure 5.6 c, d). It should be noted 
that in actual tissue, the concentration of PDGF-BB is about ~10,000× lower than proteins such 
as BSA.  
The change in absorption after the binding event is key to the design of the PAI sensor. 
The probe was incubated with different concentrations of PDGF-BB and the absorption was 
measured. As expected the absorption intensity of the peak at 719 nm decreased as the amount of 
PDGF-BB increased, owing to the spatial separation between IR-800 and QC-1, indicating 
successful structure switching mechanism (Figure 5.7 a). The absorption intensity at 775 nm, 
which represents the absorption of the IR-800 remained relatively the same. We can therefore 
consider the system to be a ratiometric sensor. The probe was tested at 500 nM  and 1000 nM 
with different PDGF-BB concentrations and the ratio of absorption intensities at 775 nm and 719 
nm (A775/A719) were plotted against the PDGF-BB concentration (Figure 5.7 b & d). Further 
confirmation of the binding event was done by running the tested samples on a native 12% 
PAGE gel, which showed a clear band in the high molecular weight region when PDGF-BB was 








Figure 5.4: (a) & (b) Fluorescence turn on signal for increasing concentrations of PDGF-BB; (c) 
Selectivity of the probe against other proteins. The probe concentration was fixed at 80 nM for 
both the assays. The PDGF-BB concentration was increased from 0 nM to 160 nM for the 
sensing experiments. For the selectivity test, the concentration of the other proteins (BSA – 
Bovine Serum Albumin, CytC – Cytochrome C, GOx – Glucose Oxidase, IgG – Immunoglobin, 
Myo – Myoglobin, Perox-I – Peroxidase - I) was fixed at 16 μM against PDGF-BB’s 
concentration which was 160 nM. The probe was incubated with target or non-target protein at 






Figure 5.5: (a) Absorption spectra of the IR800 tagged 41t aptamer sequence, QC-1 tagged 
complimentary sequence and the annealed complex. Black arrow indicates the extra absorption 
peak at 719 nm due to the contact quenching between IR800 and QC-1; (b) The fluorescence 
recovery of the DNA probe in the presence of different concentrations of PDGF-BB. The probe 
concentration was fixed at 200 nM and the PDGF-BB concentration was varied from 0 nM to 












Figure 5.6: (a) & (b) Fluorescence turn on signal for increasing concentrations of PDGF-BB; (c) 
& (d) Selectivity of the probe against other proteins. The probe concentration was fixed at 1 μM 
for all the assays. The PDGF-BB concentration was increased from 0 nM to 1000 nM for the 
sensing experiments. For the selectivity test, the concentration of the other proteins (BSA – 
Bovine Serum Albumin, CytC – Cytochrome C, GOx – Glucose Oxidase, IgG – Immunoglobin, 
Myo – Myoglobin, Perox-I – Peroxidase - I) was fixed at 100 μM (c) & 10 μM (d) against 
PDGF-BB’s concentration which was 1 μM. The probe was incubated with target or non-target 




Figure 5.7: (a) Change in the absorption spectra of the DNA probe complex when incubated with 
different concentrations of PDGF-BB; (b) The increase in ratio of absorption at 775 nm to 
absorption at 719 nm with the increase in the PDGF-BB concentration, probe concentration = 
500 nM; (c) EMSA-PAGE analysis of the same probe with increasing concentrations of PDGF-
BB starting from 0 nM to 300 nM; (d) The increase in ratio of absorption at 775 nm to 
absorption at 719 nm with the increase in the PDGF-BB concentration, probe concentration = 






The in-vitro tests were performed by loading samples into fluorinated ethylene propylene 
(FEP) tubing which were placed in an agarose phantom that hold the tubing in place for the 
photoacoustic measurements. Given the extinction coefficients of the tagged dyes, the probe 
concentration needed to be increased in order to get a good acoustic signal. It should be noted 
that the phantom composition and age plays a role in the amount of acoustic signal acquired by 
the detector and therefore sometimes gave inconsistent results (Figure 5.8 a). The optimized 
instrumental parameters and probe concentrations gave us an absorption intensity dependent 
photoacoustic signal (Figure 5.8 b, c). We then moved to the in-vivo test of the probe where the 
probe (5 μM) was subcutaneously injected into the mouse flank and excited at 719 nm and 775 
nm and the acoustic output was collected. The background photoacoustic signal was collected 
prior to the injection of the probe. The pre-incubated probe with the protein was also tested as a 
positive control. The probe was injected first and the acoustic signal was measured immediately, 
after which PDGF-BB (2 μM) was injected and the acoustic signal was measured after 30 min of 
incubation. As a negative control 1 × PBS was injected instead of the protein. The ratio of the 
photoacoustic intensity at 775 nm vs 719 nm (PA775nm/PA719nm) was clearly higher in the case of 
PDGF-BB injection as compared to the 1xPBS injection (Figure 5.9 a - e). The pre-incubated 
sample had a higher PA775nm/PA719nm as compared to when only the probe is injected. In case of 
the negative control we did see an increase of PA775nm/PA719nm after injection of 1xPBS, 
indicating non-specific decomposition of the probe in-vivo. The instability of the probe can be 
due to the complex biological environment that contains nucleases which can potentially cleave 
the DNA-based probe. Additionally, in a separate experiment, we monitored the PA775nm/PA719nm 
signal progression with time after injection of PDGF-BB and 1xPBS respectively. The 




PA775nm/PA719nm signal for 1xPBS injection thus indicating selective sensing of the protein in-
vivo (Figure 5.9 f). 
 
Figure 5.8: (a) Phantom composition dependent photoacoustic signal acquisition; (b) 
Photoacoustic signal profile of the DNA probe from 685 nm to 800 nm (5 nm intervals) at 
optimized conditions; (c) corresponding absorption spectra of the DNA probe complex in the 
same wavelength range. The probe concentration was fixed at 5 μM, protein concentration in (a) 





Figure 5.9: In-vivo photoacoustic (PA) test of the DNA probe in living mice under different 
probe conditions, measured at 719 nm and 775 nm; (a) PA signal measured immediately after 5 
μM probe injection; (b) PA signal measured immediately after preincubated 5 μM probe (with a 
total PDGF-BB concentration of 2 μM) injection; (c) PA signal measured immediately after 5 
μM probe injection, proceeded by PA signal measurement 30 min after injection of 2 μM PDGF-
BB; (d) PA signal measured immediately after 5 μM probe injection, proceeded by PA signal 
measurement 30 min after injection of 1 × PBS; (e) Quantitative PA (PA775/PA719) signal 
analysis of the conditions measured in (a - d); (f) Time dependent change of PA775/PA719 signal 
over 1 h for both PDGF-BB and 1 × PBS injection (PA signal was measured immediately after 5 
μM probe injection, proceeded by PA signal measurement x min after injection of PDGF-BB or 





To improve the stability of the DNA probe in-vivo, we are currently working on a 
nanoparticle based PAI probe. Studies have shown that SNAs (Spherical Nucleic acids; DNA 
functionalized onto AuNP) have increased stability against nuclease degradation.22 We therefore 
wanted to design an AuNP-aptamer based photoacoustic sensor where the aptamer would be 
immobilized onto AuNP. In order to illicit a response from the AuNP based probe, there needs to 
be a change in the absorbance of the sample upon target binding. The current target PDGF-BB is 
a homo-dimeric protein and hence the protein can bind to two aptamer units simultaneously. This 
property has been taken advantage of in the past for the design of colorimetric sensors, where a 
unit of PDGF-BB binds to two aptamers each functionalized on different AuNPs that allows the 
two particles to remain in close proximity to each other.23 The surface plasmon resonance (SPR) 
of the AuNPs then couple resulting in a red-shifted absorption signal. This change in the 
absorption is ideal in the case photoacoustic sensing. Although the signal output is not 
ratiometric, when the photoacoustic signal is monitored at a NIR wavelength such as 700 nm, it 
should increase due to the SPR shift.  
The aptamer was modified with a T14 linker sequence and thiol group on the 5′ end. The 
thiol group enables gold nanoparticle functionalization and the T20 group acts as spacer that to 
prevent the non-specific interaction of the aptamer with the AuNP surface. On incubation of 
different concentrations of PDGF-BB the SPR of the AuNP red-shifted in a concentration 
dependent manner (Figure 5.10). Additionally, the change in SPR was only evident when PDGF-
BB was added as opposed to any other protein indicating that SPR coupling was largely target 
dependent (Figure 5.11). 
 





Figure 5.10: (a) Shift in the surface plasmon resonance of the gold nanoparticle (AuNP) 
functionalized with the 41t aptamer with increase in PDGF-BB concentration; (b) & (c) Increase 
in absorption intensity at 680 nm and 700 nm respectively with increase in PDGF-BB 
concentration. The gold nanoparticle probe concentration was fixed to ensure ~ 260 nM DNA 
was present on the AuNP surface and the PDGF-BB concentration was changed from 0 nM to 











Figure 5.11: (a) & (b) Response of the AuNP probe with non-target proteins and PDGF-BB. The 
gold nanoparticle probe concentration was fixed to ensure ~ 260 nM DNA was present on the 
AuNP surface. PDGF-BB concentration was fixed at 100 nM and the rest of the protein 
concentrations were fixed at 10 μM. The AuNP probe was incubated with target protein at 37˚C 
for 1 h before any analysis. 
5.3 Conclusions: 
In summary, we were able to optimize a structure switching DNA aptamer based sensor and 
combine it with an emerging clinical modality i.e. photoacoustic imaging to detect PDGF-BB in 
vitro and in vivo. This method utilizes the targeting ability of the aptamer and the acoustic signal 
from the tagged dye. It is important to note that in designing this photoacoustic ratiometric 
sensor, the interaction between the IR-800 dye and the QC-1 quencher was critical. The contact 
quenching mechanism between the two molecules generates an extra absorption peak at 719 nm 
whose intensity decreases with the structure switching event while the IR-800 absorption at 775 
nm remains the same. Moreover this method can be extended to any structure switching aptamer 




undergoes contact quenching. While there have been methods to generate target specific 
ratiometric sensors,24 the method described here is the most general way of imparting target 
specificity to existing photoacoustic contrast agents. Additionally, we have shown that functional 
DNA-nanoparticle systems show great potential as target specific photoacoustic contrast agents.  
5.4 Experimental section:  
5.4.1 Materials: 
PDGF-BB (Carrier free) was obtained from R&D systems. 10×PBS was purchased from 
BioWhittaker® Reagents, Lonza. All other chemicals used (analytical grade or higher) were 
obtained from Sigma-Aldrich and were used without further purification. Fluorinated ethylene 
propylene (FEP) tubing with a wall thickness of 0.01” and inner diameters measuring 0.12” or 
0.08’’ were purchased from McMasterCarr. All dilutions were made with Milli-Q (18.2 MΩ) 
water. DNA sequences were ordered either from Integrated DNA Technologies, Inc. (Coralville, 
IA) or TriLink BioTechnologies (San Diego, CA).  
The following DNA sequences were used in this study for the EMSA analysis of aptamer 
binding to PDGF-BB, melting temperatures of complexes were computed using the 
OligoAnalyzer 3.1 software provides on the IDT website:  
OA - 5′- CAGGCTACGGCACGTAGAGCACCATGATCCTG - 3′ 
OA-5C0 - 3′ - GTCCGATGCCGT - 5′ 
OA-5C1 - 3′ - GTCCGATGCCG - 5′ 
OA-3C2 - 3′ - GTCCGATGCC - 5′  
41t - 5′-TACTCAGGGCACTGCAAGCAATTGTGGTCCCAATGGGCTGAGTA - 3′  
41t-3C2 - 3′ - TTACCCGACTCAT - 5′ 




41t-3C4 - 3′ - ACCCGACTCAT - 5′ 
41t-3C5 - 3′ - CCCGACTCAT - 5′ 
The following DNA sequences were used in this study for the fluorescent, photoacoustic and 
colorimetric (with AuNP) sensing of PDGF-BB: 
41t-comp-3C2-FAM - 5′- /56-FAM/TACTCAGCCCATT - 3′ 
new PDGFapt (41t) - 5′-  
AAAAAAAAAAAAAAAAAAAATACTCAGGGCACTGCAAGCAATTGTGGTCCCAATG
GGCTGAGTA/3Dab/- 3′ 
41t-IR800CW - 5′- TACTCAGGGCACTGCAAGCAATTGTGGTCCCAATGGGCTGAGTA/ 
{IRDye800CW-C6-NH-}/ - 3′ 
QC-1-41t-3C2 - 5′ - /{IRDyeQC-1-C6-NH}/TACTCAGCCCATT - 3′ 
QC-1-41t-3C3 - 5′ - /{IRDyeQC-1-C6-NH}/TACTCAGCCCAT - 3′ 
41t-5SH - 5′ - /5ThioMC6-D/ TTTTTTTTTTTTTTT 
ACTCAGGGCACTGCAAGCAATTGTGGTCCCAATGGGCTGAGTA - 3′ 
5.4.2 Spectroscopic methods: 
UV-vis spectrophotometry was recorded on a Hewlett-Packard 8453 UV-Vis spectrometer. 
Fluorescence measurements were carried out on a Fluoromax-P/Fluoromax-4 fluorimeter 
(HORIBA Jobin Yvon S2 inc., Edison, NJ). Photoacoustic images were recorded with an Endra 
Nexus 128 photoacoustic tomography system (Ann Arbor, MI, USA), and the data were 
analyzed using OsiriX Lite 8.5.1.  
5.4.3 Preparation of tissue phantoms for in-vitro test: 
4.0 g of agarose was dissolved in a solution of x % (varied accordingly) milk (8.0 mL) and 




viscous gel which was poured into a mold made from a 50 mL centrifuge tube. The gel was 
cooled in a refrigerator for a minimum of 5 h. Immediately prior to use, the phantom was 
removed from the mold and cut with a razor such that there was 1.0 cm of gel above and below 
where the FEP tubes were inserted. The mold was soon modified to a polymer holder which 
accommodated the FEP tubes and the resultant phantoms were mold into a holder which fit in 
better in the photoacoustic machine’s measurement bowl. 
5.4.4 Preparation of the DNA probe for PDGF-BB detection: 
The DNA probe was prepared by mixing, the labelled aptamer (41t-IR800CW or PDGFapt (41t)) 
and the optimized labelled compliment (QC-1-41t-3C2, QC-1-41t-3C3 or 41t-comp-3C2-FAM) in 
1 × PBS with a final ratio of 1:1.1. The concentrations used for annealing are generally high ~ 50 
μM. The DNA solution was heated to 90 °C for 5 min in a water bath, after which the water bath 
is allowed to cool to room temperature. The DNA probe complex is stored at 4 °C overnight to 
allow full hybridization. The final concentrations of the DNA probe for fluorescence and PA 
measurements were diluted in 1 × PBS accordingly.  
5.4.5 Animal study: 
Six week old BALB/c mice (male) were purchased from Jackson Laboratories. Food and water 
were available ad libitum. All animal experiments were performed in compliance with the 
guidelines established by the Illinois Institutional Animal Care and Use Committee (IACUC) of 
University of Illinois at Urbana–Champaign.  
5.4.6 In-Vivo photoacoustic imaging of PDGF-BB:  
The mice were anesthetized using 2% isoflurane in oxygen. Their flanks were shaved and further 
treated with hair removal creme. The mice were placed in the Endra Nexus 128 PA imaging 




nm before subcutaneous injection of the DNA probe (50 μL, 5 μM) in both, left and S3 right 
flank. After recording the PA signals of the DNA probe, PDGF-BB (50 μL, 2 μM) was injected 
subcutaneously at the same position where the DNA probe was localized in the left flank. After 
incubation for x min (30 min, 45 min and 60 min), the PA signal at 719 nm and 775 nm was 
acquired using the “continuous rotation” mode (12s rotation time) of the PA system. Data 
acquisition of a single set of data required. 
5.4.7 Synthesis of citrate-capped gold nanoparticles: 
13 nm AuNPs were synthesized following a previously reported protocol.25 Before starting the 
synthesis, all the glassware, magnetic stir bar, stopper and condenser were soaked with freshly 
prepared aqua regia (3:1 concentrated HCl:HNO3) for at least 15 min. All of them were rinsed 
with deionized water for 20 times followed by Millipore water for another 20 times. Then 98 ml 
of Millipore water and 2 mL of 50 mM HAuCl4 solution were mixed in the clean 200 ml two-
neck flask equipped with the reflux condenser and stopper. The flask was heated to reflux, 
whereupon 10 mL of 38.8 mM sodium citrate was quickly added to the reaction mixture. The 
color of the solution was observed to change to deep red in 1 min. The system was refluxed for a 
further 20 min, and then allowed to cool to room temperature while stirring. The concentration of 
the final AuNP solution is ~15.5 nM. The extinction coefficient of this type of AuNPs at 520 nm 
is 1.85 × 108 M-1 cm-1. The AuNP solution was stored in a clean glass bottle for long-term 
storage at room temperature. 
5.4.8 DNA functionalization of citrate-capped gold nanoparticles: 
DNA was functionalized onto gold nanoparticles using a freeze-thaw procedure.26 Breifly, 300 × 
excess of thiolated DNA is added to an aliqout of gold nanoparticles and the resulting mixture is 




times with water (15 krpm for 30 min). The supernatant from the first wash is used for 
quantifying the amount of DNA not functionalized on the surface of the particle. The particles 
are finally resuspended in 1 × PBS buffer.  
5.4.9 EMSA and sensing experiments: 
For all the sensing experiments, the concentration of the probe is kept constant and the final 
target concentration is varied. The probe samples in 1×PBS with different concentrations of 
PDGF-BB are then incubated at 37 ˚C for 1 h before the analysis step 
(Fluorescence/Photoacoustic/UV-Vis absorption). For EMSA the unlabeled probes after 
incubation with the target protein are loaded (maximum 12 μL) into the wells of a native 12% 
PAGE gel, prepared with 1×TBE buffer. The gels are run at 150 V for ~30 min or accordingly 
(so that the loading dye does not run off the gel) and stained with 5% Ethidium Bromide and 
imaged with a Bio-Rad gel imager.  
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FURTHER CHARACTERIZATION OF THE ADENOSINE APTAMER USING 
ISOTHERMAL CALORIMETRY (ITC) 
6.1 Introduction: 
Derivatives of adenosine such as adenosine triphosphate (ATP) are well-known cofactors 
for a range of biological process1 and it has been recently found that the ATP molecule may also 
function as a hydrotrope for proteins.2 The adenosine DNA aptamer has been one of the most 
applied aptamers in the development of nucleic acid based sensors. It is a highly conserved 27-
nucleotide sequence that emerged from two distinct selections, one first selected by Szostak and 
co-workers3 in 1995 and the second by Li and co-workers4 in 2005. This aptamer is also known 
to have affinity to adenosine based structural analogues.5  
After the in-vitro selection of functional DNA, it is important to subsequently 
characterize these functional units to develop sensors with better selectivity and sensitivity. 
Multiple studies have looked at characterizing the binding of the DNA aptamer to adenosine. 
Dynamic conformational studies of the aptamer were done by single molecule FRET,6 variation 
in binding affinities were achieved with stem loop engineering and kinetics of the aptamer 
system7 were studied.8 However, the solution NMR based structures have given us the most 
information about this aptamer.9, 10 The secondary fold of the aptamer reveals it binding to two 
molecules of adenosine (or its structural derivatives, AMP was used in the solution NMR study) 
where the target adenosine is involved in a recognition G.A mismatch that is flanked on either 
side by a G.A mistmatch and a reversed Hoogsteen G.G mismatch pairs (Figure 6.1 a).10 Both 
the binding sites of the aptamer have identical recognition and flanking base pairs. Overall, the 




one side and the stem region on the other. The stem region basically contains base-pairing that 
possibly stabilizes the whole target bound aptamer complex (Figure 6.1 a). Most recently, Liu 
and coworkers have utilized isothermal calorimetry (ITC) to study the binding thermodynamics 
of the aptamer.11 Interestingly, they were able to identify that the target binding of one site was 
non-cooperative and design an aptamer that binds to only one target with greater sensitivity. 
Further, combining multiple of these single site aptamers allowed the design of a DNA probe 
capable of binding to 3 or 4 target molecules.11 Additionally, they report that the binding is 
moderately cooperative between the two sites of the aptamer. 
Although the adenosine aptamer has been known for over 20 years and been used in 
various sensor studies, this particular study by Liu and coworkers was important in establishing 
the need to further characterize these functional moieties in order to achieve improved 
sensitivity. Therefore, we wanted to further expand the study to understand the bases that were 
essential for target binding. Specifically, we asked the question of which bases other than the 
mismatches in the binding region are essential for the binding event. We also used ITC for our 
analysis to study if certain mutated sequences had the ability to bind to adenosine or not.  
6.2 Results and discussion: 
 Our binding studies of the mutants were done in 0.9 × DPBS a buffer that was different 
from the previously used Tris buffer. We were therefore able to test if the adenosine binding was 
buffer tolerant or not. We first tested the binding of the wild-type aptamer at 25 ˚C in 0.9 × 
DPBS buffer with adenosine at the same concentrations as reported before and obtained a 
binding cure that was sigmoidal (Figure 6.1 b). This result is slightly different from the previous 
study that used Tris buffer in that they did not observe a sigmoidal curve. On fitting the curve 




different dissociation constants (Kd) values ~3 μM and ~22.4 μM, the average of which is close 
to the Kd obtained on fitting with identical binding sites (~ 12.7 μM). When we repeated the 
same condition with ATP at 37 ˚C, the titration curve shows much lower change in heat 
(μcal/sec) with each titration and the profile of the curve indicated the need of higher adenosine 
to be titrated into the aptamer solution (Figure 6.1 c) as the heat released had not reached a 
saturation. The increase in temperature therefore destabilizes the aptamer target complex, 
possibly increasing the Kd value, which also corroborates the fact that the Kd decreases for the 
aptamer when the temperature is decreased.11 The aptamer still has potential to bind, but it just 
requires a higher concentration of ATP. This result is an important consideration for the 
experiments that use the ATP aptamer but are carried out in vivo or in animal models, where the 
temperature is significantly higher than the room temperature. The remaining ITC studies were 
carried out at 25 ˚C in 0.9 × DPBS. The bases on the wildtype aptamer have been numbered from 
5′ to 3′ (Figure 6.1 a) so as to reference the mutations, deletions or additions that were 
incorporated in the sequences that we investigated.  
 To investigate the different binding properties of the aptamer we first tested sequences 
that had deletions and mutations towards the ends of the aptamer, i.e. in the stem region of the 
aptamer. Two sequences named AMS1 and AMS3 were tested in this regard. AMS1 has the base 
1 and 2 (A and C respectively) deleted and base 27 (T) mutated to a G (Figure 6.2 a). These 
changes in the sequence essentially get rid of 2 (A1-T27 and C2-G26) out of 4 base pairs in the 
stem loop region. These two base pairs are distil to the binding site B2. However, AMS1 still 
showed binding to adenosine with an increased average Kd = 33.2 μM (Figure 6.2 b). AMS3 on 
the other hand had base 1 deleted and base 24 and 27 mutated to G allowing the removal of 2 




c). AMS3 also showed binding with adenosine with an average Kd = 105.9 μM (Figure 6.2 d). 
Overall, the binding of the aptamer to the target is only mildly affected on making mutations to 
the end of the stem region.  
 
Figure 6.1: (a) Structure of the wild-type aptamer with adenosine (red) in the binding sites B1 
and B2 with the stem and the loop region; (b) ITC of the wild-type aptamer (10 μM) titrated with 
adenosine (0.5 mM) at 25 ˚C in 0.9 × DPBS; (c) ITC of the wild-type aptamer (10 μM) titrated 





Figure 6.2: (a) Structure of the sequence AMS1, mutations/additions indicated in blue; (b) ITC of 
AMS1 (20 μM) titrated with adenosine (1 mM) at 25 ˚C in 0.9 × DPBS; (c) Structure of the 
sequence AMS3, mutations/additions indicated in blue; (d) ITC of AMS3 (20 μM) titrated with 
adenosine (1 mM) at 25 ˚C in 0.9 × DPBS. 
Sequence SLC was then tested in which mutations in the binding site B1 were made, 
specifically G9 and G18 were changed to A and T respectively rendering it inactive. 
Additionally, bases 1, 2 and 27 were deleted leaving only two base pairs in the stem region 
(Figure 6.3 a). The sequence SLC retained the adenosine binding but the Kd of the aptamer was 
much higher, 284.9 μM (Figure 6.3 b). Since, binding sites B1 and B2 are moderately 




B1 would ultimately effect the binding affinity of the site B2 rendering the overall binding to 
have a higher Kd. To further test if the base pairing in the stem region plays a significant role in 
the binding, we tested a sequence (NANT) in which bases 1, 2 and 22 to 27 were deleted, 
effectively removing binding site B2 and the corresponding base pairs in the stem region (Figure 
6.4 a). To our surprise, the aptamer was still capable of binding to adenosine with a Kd = 83.3 
μM (Figure 6.4 b). The higher Kd value of SLC as compared to the sequences AMS1 or AMS3, 
is indicative of the loss in the base pairing in the stem region and also the loss of the second 
binding site. On comparing the binding of sequences SLC and NANT, the weaker binding 
affinity of SLC can be explained by the inactive binding site B1, which is known to have higher 
binding affinity than B2 and possibly helps B2 fold appropriately to bind to adenosine.  
We further truncated the SLC sequence to obtain a shorter sequence (15 bases), CECBS, 
where the bases 1-4 and 20-27 were deleted (Figure 6.5 a). The titration curve obtained showed 
that the sequence still retained the binding to adenosine with a Kd = 158.4 μM (Figure 6.5 a).  
Two similar sequences, namely LTCBS and CIHPP were designed to accommodate mutations in 
the loop region. However, unlike CECBS these two sequences had the base G4 included. 
Sequence LTCBS had base A13 in the loop mutated to a G while sequence CIHPP had base T14 
in the loop mutated to a C (Figure 6.6 a, c). Both the sequences did not show any loss of binding 
indicating that mutations in the loop region do not have any effect on the binding (Figure 6.6 b, 
d). Interestingly, the Kd values of these two sequences were lower than the CECBS sequence, 
possibly due to the presence of the base G6 in LTCBS (54.9 μM) and CIHPP (65.3 μM). The 
base G6 may be contributing to the stability of the g-quadruplex formation in the binding site. 
Further, sequence YH1AM had base 7 to 21 conserved with additional flanking bases both on the 




since we had previously established that the base G6 might play a role in stable g-quadruplex 
formation. However, we saw that the sequence did not retain any binding to the target (Figure 
6.7 b). We envisaged that the flanking bases may be involved in base pairing that disrupts the 
binding of the target to the aptamer but no stable secondary structure was observed on running a 
UNAfold analysis (Figure 6.7 c). This implies that the G6-G21 mismatch places an important 
role in the stabilization of the adenosine binding site.  
Figure 6.3: (a) Structure of the sequence SLC, mutations/additions indicated in blue; (b) ITC of 





Figure 6.4: (a) Structure of the sequence NANT, mutations/additions indicated in blue; (b) ITC 










Figure 6.5: (a) Structure of the sequence CECBS, mutations/additions indicated in blue; (b) ITC 








Figure 6.6: (a) Structure of the sequence LTCBS, mutations/additions indicated in blue; (b) ITC 
of LTCBS (20 μM) titrated with adenosine (2 mM) at 25 ˚C in 0.9 × DPBS; (c) Structure of the 
sequence CIHPP, mutations/additions indicated in blue; (d) ITC of CIHPP (20 μM) titrated with 








Figure 6.7: (a) Structure of the sequence YH1AM, mutations/additions indicated in blue; (b) ITC 
of YH1AM (40 μM) titrated with adenosine (4 mM) at 25 ˚C in 0.9 × DPBS; (c) UNAfold 
analysis of the predicted secondary structure of the sequence YH1AM. 
Delving further into the loop region of the aptamer, we noticed a G11-C17 base pair just 
outside binding site B1 towards the loop. In sequence MYO7A, we mutated base G11 to A 
which ultimately disrupts G11-C17 base pair. In addition, bases 1-5 and G27 were deleted and 
G22 mutated to T (Figure 6.8 a). These additional deletions and mutations allowed the focus to 
remain on the activity of the binding site B1. On performing the titration, we observed complete 
elimination of target binding (Figure 6.8 b). The adenosine binding capability did not recover 
even on increasing the concentrations of the DNA and the analyte (Figure 6.8 c). The change in 




change was exothermic. This is in agreement with the control sample, i.e. the titration of 
adenosine into just 0.9×DPBS buffer (Figure 6.9). Therefore, the G11-C17 base pair is essential 
for binding site B1 to be able to function and is possibly why the binding site B1 has a higher 
binding affinity than binding site B2. Base pairing near the loop region and the stem region 
hence stabilize the binding of the target to the sequence. To further elucidate this fact we looked 
at sequence AMG3, where we mutated the binding site B1, retained binding site B2, mutated the 
G11-C17 base pair and removed the base pairs in the stem region. AMG3 had bases 1, 2 and 25-
27 removed, A24 mutated to G, G8 mutated to A and C17 mutated to G (Figure 6.10 a). The 
titration of adenosine into AMG3 showed no signs of binding in agreement to our hypothesis 
(Figure 6.10 b). 
Sensor design often involves the attachment of aptamers with a linker DNA sequence that 
may function as the tether to a particle or a surface.12 It is important to test if these flanking 
sequences interfere with the binding of the aptamer to the target. Therefore, in addition to 
making mutations to the conserved aptamer sequence we also wanted to test if additional 
flanking bases disrupt or promote the binding of the aptamer to the target. Sequence B5 and B6 
were designed to have bases 3 to 21 conserved while the flanking sequences were different for a 
fair comparison (Figure 6.11 a & Figure 6.12 a). While sequence B5 lost all ability to bind to 
adenosine (Figure 6.11 b), B6 on the other hand retained some ability to bind to the target 
(Figure 6.12 b), indicating that the flanking sequence can play an integral role in disrupting the 
binding activity of the aptamer. A further UNA fold analysis of these sequences revealed that the 
extra bases in sequence B5 enable the DNA to fold into a secondary structure that is relatively 
stable (Tm = 41.9 ˚C, Figure 6.11 c). Similarly B6 was also able to form a secondary structure, 




(Figure 6.12 c). Two other sequences B10 and B12 with partially conserved sequences and 
different flanking sequences were also tested (Figure 6.13 a & Figure 6.14). These two 
sequences showed some amount of binding but overall lost binding ability compared to the wild 
type aptamer (Figure 6.13 b & Figure 6.14 b, c). It is therefore imperative to characterize the 
sequences with extra bases that reside alongside the conserved region to make sure that there is 
no interference with the aptamer binding capability. Sensor design where the flanking bases are 
blocked by a complimentary sequence, thus preventing any interaction of these bases with the 
actual aptamer may be more successful.  
 6.3 Conclusions: 
In conclusion, we were able to study the adenosine aptamer using ITC and demonstrate 
that there are more conserved bases than just the ones in the binding sites B1 and B2. This 
extended study demonstrates that when we consider only binding site B1, the G6-G21 pair, 
essentially a part of binding site B2 helps the binding site B1 fold appropriately. Elimination of 
one these bases reduces the binding affinity and elimination of both leads to complete loss of 
activity (YH1AM). Base pairing outside of the binding sites B1 and B2 help increasing binding 
affinity but are not necessary for the target binding. Furthermore, the G11-C17 base pair in the 
loop region of the aptamer is also essential for target binding. Mutation at this site effects the 
binding activity of both the target binding sites B1 and B2. This study provides valuable insights 
into the conserved DNA bases in the adenosine aptamer sequence beyond just the binding sites 








Figure 6.8: (a) Structure of the sequence MYO7A, mutations/additions indicated in blue; (b) ITC 
of MYO7A (20 μM) titrated with adenosine (2 mM) at 25 ˚C in 0.9 × DPBS; (c) ITC of MYO7A 








Figure 6.9: ITC of 0.9 × DPBS titrated with adenosine (5 mM) at 25 ˚C which ideally is the 










Figure 6.10: (a) Structure of the sequence AMG3, mutations/additions indicated in blue; (b) ITC 









Figure 6.11: (a) Structure of the sequence B5, mutations/additions indicated in blue; (b) ITC of 
B5 (20 μM) titrated with adenosine (2 mM) at 25 ˚C in 0.9 × DPBS; (c) UNAfold analysis of the 








Figure 6.12: (a) Structure of the sequence B6, mutations/additions indicated in blue; (b) ITC of 
B6 (20 μM) titrated with adenosine (2 mM) at 25 ˚C in 0.9 × DPBS; (c) UNAfold analysis of the 







Figure 6.13: (a) Structure of the sequence B10, mutations/additions indicated in blue; (b) ITC of 








Figure 6.14: (a) Structure of the sequence B12, mutations/additions indicated in blue; (b) ITC of 
B12 (20 μM) titrated with adenosine (2 mM) at 25 ˚C in 0.9 × DPBS; (c) ITC of B12 (40 μM) 
titrated with adenosine (6 mM) at 25 ˚C in 0.9 × DPBS. 
 
6.4 Experimental section:  
6.4.1 Materials: 
All the DNA samples were purchased from Integrated DNA Technologies (IDT, Coralville, IA, 




Reagents, Lonza. The following DNA sequences were used in this study for the ITC analysis of 
the aptamer binding to adenosine: 
Wild-type aptamer - 5′- ACCTGGGGGAGTATTGCGGAGGAAGGT - 3′ 
AMS1 - 5′- CTGGGGGAGTATTGCGGAGGAAGGG - 3′ 
AMS3 - 5′- CCTGGGGGAGTATTGCGGAGGAGGGG - 3′ 
SLC - 5′- CTGGGGAAGTATTGCTGAGGAAGG - 3′ 
NANT - 5′- CTGGGGGAGTATTGCGGAG - 3′ 
CECBS - 5′- GGGGAGTATTGCGGAG - 3′ 
LTCBS - 5′- GGGGGAGTGTTGCGGAG - 3′ 
CIHPP - 5′- GGGGGAGTACTGCGGAG - 3′ 
YH1AM - 5′- TAAACGTGTGGGAGTATTGCGGAAACATAGTATAT - 3′ 
MYO7A - 5′- GGGGAATATTGCGGAGTAAGG - 3′ 
AMG3 - 5′- CTGGGAGAGTATTGGGGAGGAG - 3′ 
B5 - 5′- TTGAATACATCTGGGGGAGTATTGCGGAGCGCCGTCAGGG - 3′ 
B6 - 5′- GCCTTGCGATGCTGGGGGAGTATTGCGGAGCTTGAGAGGGGG - 3′ 
B10 - 5′- GGAGCTGGGACGGAGTCTTGCGGAGGAAGGGGCACGTTTTG - 3′ 
B12 - 5′- CTTCTTTCATTCTGGGGGAGAATTGCGGAGGGGGATTGGTT - 3′ 
6.4.2 ITC measurements: 
ITC was performed using a VP-ITC microcalorimeter instrument (MicroCal). All the ITC tests 
were performed on samples in 0.9 × PBS at 25 ˚C. Prior to each measurement, each solution was 
degassed to remove air bubbles. The binding constants (Ka) were obtained through fitting the 
titration curves using the Origin software. The model used for fitting is specified in the figure 
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